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T his study was i n i t i a t e d  t o  examine th e  e f f e c t s  o f r e ser v e  p i t  
rec la m a tio n  p r a c t ic e s  on groundwater q u a lity  a t  two o i l  w e l l  
s i t e s  in  R ich land  County, Montana. A d d it io n a l work was done to  
determ ine th e  f e a s i b i l i t y  o f  u s in g  e l e c t r i c a l  r e s i s t i v i t y  to  
d e te c t  groundwater con tam in ation  a t  th e s e  s i t e s  and f i v e  o th e r s  
in  McKenzie County, N orth Dakota.
The reser v e  p i t s  e v a lu a te d  h e ld  produced b r in e s ,  d r i l l  
c u t t in g s ,  d r i l l i n g  f l u i d s ,  and o th e r  w a ste s  du rin g  th e  d r i l l i n g  
o f th e  o i l  w e l l s .  The c o n te n ts  o f th e  p i t s  in  R ich land  County 
were b u r ied  a t  th e  d r i l l  s i t e s .
Twelve groundwater m on itoring  w e lls  were i n s t a l l e d  a t  th e  
R ich land  County s i t e s .  Water l e v e l  e le v a t io n  and w ater q u a lity  
data were c o l l e c t e d  from A ugust, 1982 through June, 1983. Water 
sam ples from f i v e  o f  th e s e  m on itor in g  w e lls  showed c h lo r id e  
l e v e l s  ex ce ed in g  background, in d ic a t in g  th e  p resen ce  o f p i t  
f lu id s  or le a c h a te . F o r ty - f iv e  e l e c t r i c a l  r e s i s t i v i t y  soundings  
were made and r e s u l t s  e v a lu a te d  w ith  r e s p e c t  t o  groundwater flow  
and q u a l i ty  d a ta . At both s i t e s ,  plumes o f  contam inated  
groundwater were shown t o  ex ten d  from th e  p i t s  in  th e  d ir e c t io n  
o f groundwater f lo w .
At th e  McKenzie County s i t e s ,  from one to  fou r  e l e c t r i c a l  
r e s i s t i v i t y  soundings were made. Three s i t e s  had se e p s  o f  high  
s a l i n i t y  w ater apparent a t  th e  su r fa c e  b e fo r e  r e s i s t i v i t y  
excim ination . Apparent r e s i s t i v i t y  data a t  th e se  s i t e s  were 
low er than read ings from c o n tr o l  a r e a s , in d ic a t in g  th e  p resen ce  
o f  s a l in e  o i l  f i e l d  f l u i d s .  T e s t in g  was not e x te n s iv e  enough to  
determ ine i f  b u ried  r e se r v e  p i t  m a te r ia ls  caused  th e  s e e p s .  
R e s i s t iv i t y  data  from two o f  th e  s i t e s  showed no in d ic a t io n  o f  
su b su rfa ce  problem s.
S ta te  and fe d e r a l w e l l  s i t e  rec la m a tio n  p o l i c i e s  seem  
inadequate in  th e  l i g h t  o f  th e  r e s u l t s  o f  t h i s  stu d y . More 
en v iron m en ta lly  com p atib le  rec la m a tio n  tech n iq u es  need t o  be 
d eveloped  and fu r th e r  stud y  done t o  determ ine th e  e x te n t  and 
s e v e r i t y  o f  th e  problem s c r e a te d  by p a s t  and cu rren t p i t  
rec la m a tio n  m ethods.
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Chapter I 
INTRODUCTION
In c id e n ts  o f  groundwater p o l lu t io n  from o i l  f i e l d  o p e r a tio n s  a re  
w e ll  documented in  T exas, Oklahoma, Alabama, and o th e r , o ld e r  o i l  
producing s t a t e s .  S u rface d is p o s a l  o f  produced b r in e s  and seep a g e  
through ev a p o ra tio n  p i t s  have contam inated  both  s u r fa c e  w ater and 
groundwater s u p p lie s .  A lthough th e s e  p r a c t ic e s  are  n ot common to d a y , 
p o t e n t ia l  fo r  stream  or su b su rfa ce  con tam in ation  s t i l l  e x i s t s  from  
s i t e  rec la m a tio n  tech n iq u es  th a t  in c lu d e  b u r ia l  o f  s a l in e  muds and 
d r i l l i n g  w a ste s  a t  w e l l  lo c a tio n s*
T his study in v e s t ig a t e s  th e  p o t e n t ia l  fo r  groundwater p o l lu t io n  
through w e ll  s i t e  rec la m a tio n  ( tr e n c h in g  and o n - s i t e  b u r ia l  o f
d r i l l i n g  muds) a t  seven  o i l  w e l l  s i t e s  in  R ich land  County, Montana and
McKenzie C ounty, N orth D akota, which l i e  w ith in  th e  W il l is to n  B a sin . 
I t  a ttem p ts to  q u a n tify  th e  e f f e c t s  o f s i t e  rec la m a tio n  on groundwater 
q u a l i ty  and to  determ ine th e  u s e fu ln e s s  o f  e l e c t r i c a l  r e s i s t i v i t y
tech n iq u es  t o  d e te c t  groundwater degraded by r e se r v e  p i t  f lu id s  or
le a c h a te .
T his ch ap ter  in tr o d u c e s  o i l  and gas e x p lo r a tio n  in  th e  W il l is t o n  
B a sin , d r i l l i n g  and rec la m a tio n  p r a c t ic e s ,  and th e  study lo c a t io n s .  
F o llo w in g  ch a p ters  d is c u s s  study methods and f in d in g s .  The 
e f f e c t iv e n e s s  o f e l e c t r i c a l  r e s i s t i v i t y  tech n iq u es  in  id e n t i f y in g  th e  
p resen ce  o f r e se r v e  p i t  f lu id s  and s u g g e s t io n s  on how th e se  problem s 
can be av o id ed  in  th e  fu tu r e  a re  p r e se n te d  w ith  th e  f i n a l  d is c u s s io n .
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O il Development in  th e  W il l is to n  B asin
The W il l is to n  B asin  i s  a la r g e  s t r u c tu r a l  and sed im entary  b a s in  
u n d er ly in g  approxim ately  110,000 square m ile s  (2 8 4 ,9 0 0  sq . km) in  
North Dakota, Montana, and South Dakota and ex te n d in g  north  in to  
Canada (F igure 1 ) .  The sed im entary rock s in  th e  b a s in  reach  
th ic k n e s s e s  o f 16 ,700  f e e t  (5090 m) above Precam brian metcunorphics. 
The major m in era l re so u rce  in  th e  area  i s  o i l ,  o b ta in ed  from th e  
P a le o z o ic  C arbonate Sequence (S ee Sandberg, 1962).
O il was f i r s t  d isc o v e r e d  in  th e  W il l is t o n  B asin  in  1936 on th e  
Montana Cedar Creek A n t ic l in e .  E x ten s iv e  developm ent in  th e  b a s in  was 
tr ig g e r e d  by la t e r  d is c o v e r ie s  in  M anitoba (1950) and N orth Dakota 
(1 9 5 1 ). O il  p ro d u ctio n  in  e a s te r n  Montana and w estern  N orth Dakota  
in c r e a se d  r a p id ly  from t h i s  p e r io d  u n t i l  1966 when p ro d u ction  in  both  
s t a t e s  peaked and g ra d u a lly  d e c l in e d  u n t i l  th e  e a r ly  t o  m id -1 9 7 0 's . 
P roduction  ro se  a g a in  in  resp o n se  t o  h ig h er  o i l  p r ic e s  caused  by th e  
OPEC embargo and in c r e a se d  d r i l l i n g  due t o  th e  d isco v ery  o f  th e  Red 
Wing Creek O il F ie ld  in  McKenzie C ounty, North Dakota (See Anderson  
and B luem le, 1982; See W alsh, 1983).
In 1982, th e  Montana p o r t io n  o f  th e  W il l is to n  B asin  produced  
2 1 ,9 2 3 ,7 6 0  b a r r e ls  o f  o i l  from 1 ,360 w e l l s ,  71 p erce n t o f th e  s t a t e ' s  
t o t a l  p ro d u ctio n  (W alsh, 1983; Montana Department o f  N atu ra l R esources  
and C on servation  O il  and Gas D iv is io n , 1983). In  North Dakota, a l l  o f  
th e  s t a t e ' s  o i l  comes from th e  W il l is t o n  B a sin , and p ro d u ctio n  from  
over 3 ,000  w e lls  reached  4 7 ,4 8 1 ,3 3 4  b a r r e ls  in  1982 (O 'Shaughnessey , 
1983, o r a l  commun.) . Both R ich land  and McKenzie c o u n tie s  c o n tr ib u te d  
s ig n i f i c a n t l y  to  th e s e  p ro d u ctio n  t o t a l s ,  and both  c o u n t ie s  co n tin u e
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F igu re 1. L ocation  o f  R ich land  County, Montana and McKenzie 
County, North Dakota in  th e  W il l is t o n  B asin  shown 
by hatched  l i n e s  (adapted from Anderson and B luem le,
1 9 8 2 ).
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t o  be h e a v ily  ex p lo r ed . E ig h ty -e ig ^ t  new w e lls  were d r i l l e d  in
R ich land  County, Montana in  1982 (Montana Department o f  R esources and
C onservation  O il  and Gas C on servation  D iv is io n ,  1983) and 192 in
McKenzie County, N orth Dakota (Montana O il J o u rn a l, 1983).
D r i l l in g  and R eclam ation Procedure
In th e  W il l is to n  B a sin , su r fa c e  la y e r s  are d r i l l e d  u s in g  fr e s h
w ater (w ith  g e l  or lim e added fo r  v i s c o s i t y ) .  A fte r  th e  su r fa c e
c a s in g  i s  s e t ,  fr e sh  w ater i s  e i t h e r  rep la ced  w ith  produced b r in e s  or  
s a l t  i s  added ( th e s e  b r in e s  or s a l in e  d r i l l i n g  f lu id s  may c o n ta in  
100,000 t o  200 ,000 mg/1 o f  s a l t ,  p r im a r ily  sodium c h lo r id e ) .  C la y s , 
g e l s ,  b e n to n ite ,  s ta r c h e s ,  and a v a r ie ty  o f  ch em ica ls  (T able 1) a re  
added t o  d r i l l i n g  f lu id s  t o  c o n p le te  th e  h o le  (See Henning and o th e r s ,
1983).
These f l u i d s ,  c a l le d  d r i l l i n g  muds, lu b r ic a te  th e  d r i l l  b i t ,  carry  
c u t t in g s  to  th e  s u r fa c e , and p ro v id e  p r e ssu r e  to  m ain ta in  th e  s id e s  o f  
th e  b o reh o le  and c o n tr o l form ation  p r e ssu r e s  (C o l l in s ,  1975; Baker, 
1979). They flow  through th e  c i r c u la t in g  system  shown in  F igu re 2:
down th e  c e n te r  o f th e  d r i l l  p ip e , through th e  d r i l l  b i t ,  back up th e
annulus (sp ace  between th e  d r i l l  p ip e  and th e  b o r e h o le ) , and in t o  th e
mud ta n k s t o  be r e c y c le d  through th e  system .
The mud tan k s are p e r io d ic a l ly  c le a n e d  and accum ulated  s i l t s  and
slu d g e  washed in t o  th e  r e se r v e  p i t .  T h is p i t ,  u su a lly  l in e d  w ith
p l a s t i c ,  i s  dug a d ja cen t t o  th e  d r i l l i n g  r i g  t o  h o ld  d r i l l  c u t t in g s
scree n e d  from th e  mud retu rn  l i n e s ,  w a ste s  a s s o c ia t e d  w ith  r ig
o p e r a t io n s , and th e  d r i l l i n g  muds and s lu d g e  c lea n ed
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Table 1. Drilling fluid additives (from Murphy, 1983)
Function 
Weighting Material
Viscoslf ler
Thinner Dispersant
F i l t r a t e  Reducer
Lost Circulation 
Material
A lka lin i ty ,  pH 
Control
Emulsifier
Surfactant
Corrosion Inh ib ito r
Oefoamer
Foamer
Flocculants
Bactericides
Lubricants 
Calcium Remover
Shale Control 
Inhib itors
Common Additives
B arite ,  lead compounds,
Iron oxides
Bentonite,  a t t a p u lg i te  c lay s ,  
a l l  co l lo id s ,  fiborous 
asbestos
Tannins (quebracho), 
polyphosphates, 
l ig n l t i c  materials
Bentonite c la y s . sodium 
carboxymethyi ce l lu lose  (CMC), 
pregelatinized s ta rch ,  
various l ignosulfonates
Walnut sh e l l s ,  shredded 
cellophane f l a k e s , th ixotrooic  
cement, shredded cane f ib e r ,  
pig h a ir ,  chicken feathers e t c .
Lime, caustic  soda, 
bicarbonate of soda
lignosulfonates ,  mud 
detergent,  petroleum sulfonate
Include additives used under 
emulsif ier  foamers, defoamers,
& flocculators
Cooper carbonate, sodium 
chromat e . chromate-zinc 
so lu t ions ,  chrome lignosul- 
fona tes , organic acids and 
amine polymers, sodium a rsen i te
Long chain a lcohols,  
s i l ic o n e s ,  sulfonated o i l s
Organic sodium i  su lfona tes ,  
alkyl benzene sulfonates
S a l t ,  hydrated Hme, gyosum, 
sodium tetraphosohates
Starch preserva t ive ,  oara- 
formaldehyde, caustic  soda, 
lime, sodium pentachloraphenate
Reduce torque and increase horsepower a t  the Graphite powder, soaps,  
b i t  by reducing the co eff ic ien t  of f r i c t i o n  ce r ta in  o i ls
Caustic soda (HaOH), soda ash.
General Purpose
Control formation pressure,  check caving, 
f a s c i i i t a t e  pulling dry pipe, i  well 
completion operations
Viscosity builders for f lu id s ,  for a high 
v iscosl ty -so l ld s  re la tionsh ip
Modify re la tionsh ip  between the v iscosi ty  
and percentage of so l id s ,  vary gel 
s treng th ,  deflocculant
Cut the loss of the d r i l l i n g  f l u id ' s  
l iquid phase into the formation
Primary function is to plug the zone 
o f  loss
Control the degree of ac id i ty  or 
a lk a l in i ty  of a fluid
Create a heterogeneous mixture of two 
1iquids
Used to the degree of ém uls if ica tion ,  
aggregation-, d ispersion ,  in te r fac ia l  
tens ion , foaming, and defoaming 
(surface act ive  agent)
Materials attempt to decrease the presence 
of such corrosive compounds as oxygen, 
carbon dioxide, and hydrogen su lf ide
Reduce foaming action especia l ly  in 
s a l t  water based muds
Surfactants which foam in the presence of 
water and thus permit a i r  or gas d r i l l i n g  
in formations producing water
Used commonly for Increases in gel strength 
Reduce bacteria  count
Prevent and overcome the contamination 
e f fe c ts  of  anhydrite and gypsum
Used to control caving by swelling or 
hydrous d isentegration
bicarbonate of  soda, 
barium carbonate
Gyosum, sodium s i l i c a t e ,  
calcium l ignosulfonates ,  
lime, s a l t
SWIVEL
KELLY
DRILL PIPE
STANDPIPE
ROTARY HOSE
DISCHARGE
SUCTION LINE
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MUO PIT
. 6 # CHEMICAL TANK
DITCH
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FRESERVE s h a l e  SLIDE
Ü -
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F igu re  2 . Mud c ir c u la t io n  system  (from B aker, 1979)
—6—
from th e  mud ta n k s. R eserve p i t s  vary in  s i z e ,  but are u s u a lly  6 0 -70  
f e e t  (1 8 .3 -2 1 .3  m) w id e, 150-200 f e e t  (4 5 .7 -6 1 .0  m) lo n g  and 8-12  f e e t  
( 2 .4 - 3 .7  m) deep (F igu re 2 ) .
A fter  com p letion  o f th e  w e l l ,  th e  r e se r v e  p i t  i s  f i l l e d  and th e  
d r i l l  s i t e  rec la im ed . C on tractors  g e n e r a lly  fo llo w  one o f  two 
proced u res fo r  d is p o s a l o f  p i t  m a te r ia ls ;  o f f  s i t e  d is p o s a l  or b u r ia l  
a t  th e  s i t e .  O ff s i t e  d is p o s a l  in v o lv e s  en ^ ty in g  a l l  o f  th e  p i t  muds 
and f lu id s  and tr a n sp o r t in g  them t o  an a lt e r n a te  d is p o s a l  s i t e ,  such  
as an oth er r e se r v e  p i t  or l a n d f i l l .  T h is procedure i s  fo llo w e d  i f  i t  
i s  s t ip u la t e d  b e fo re  d r i l l i n g  b e g in s  th a t  no w a ste s  are t o  be b u ried  
on th e  s i t e .
The u su a l method o f  d is p o s a l  i s  t o  bury p i t  m a te r ia ls  a t  th e  d r i l l  
s i t e .  T h is p r o c e ss  in v o lv e s  punning o u t th e  l e s s  v is c o u s  p o r t io n  o f  
th e  p i t  c o n te n ts  fo r  d is p o s a l  in t o  an in j e c t io n  w e l l .  N ext,
b u lld o z e r s  are u sed  t o  sq u eeze  in  th e  p i t  t o  co n c e n tr a te  th e  rem aining  
w astes  (F igure 3 ) .  T renches are  dug o u t from t h i s  condensed p i t ,  th e  
muds pushed in ,  and b u r ied . The p i t  l in e r  i s  e i t h e r  b u ried  w ith  th e  
muds or removed from th e  s i t e .  The American P etroleum  I n s t i t u t e  
(1975) r e c o g n iz e s  t h i s  sq u e ez in g  and tr e n c h in g  p r o c e ss  as an 
a c c e p ta b le  method o f  d r i l l i n g  f l u i d  d is p o s a l  and recommends th a t  p i t  
l in e r s  be d isp o se d  o f  p ro p er ly  b e fo re  b a c k f i l l in g  th e  s i t e  and 
r e s to r in g  t o  o r ig in a l  co n to u r .
These p i t  f lu id s  may have a very h iÿ i  s a l t  c o n te n t , e s p e c ia l ly  
c h lo r id e .  An a n a ly s is  o f  a R ich lan d  County p i t  sa irçle  showed a 
c h lo r id e  c o n c e n tr a tio n  o f 38 ,3 0 0  mg/1 (Appendix A ). For co n p a riso n , 
sea  w ater  c o n ta in s  about 19 ,000  mg/1 c h lo r id e  (R eid  and S tr e e b in .
—7—
Figure 3, Squeezing and trenching a reserve pit,
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1972) and th e  secondary d r in k in g  w ater standard  fo r  c h lo r id e  i s  250 
mg/1 (Bureau o f  N a tio n a l A f fa ir s  In co rp o ra ted , 1979). T able 2 shows 
th e  c o n c e n tr a tio n s  o f common d is s o lv e d  s o l id s  in  sea  w ater and o i l  
f i e l d  b r in e .
Table 2 : S e le c te d  d is s o lv e d  C o n s t itu e n ts  in  Sea Water and O il
F ie ld  B rine (from  R eid  and S tr e e b in , 1972).
Element Sea Water mg/1 O il F ie ld  B rine mg/1
C hlorid e 19,000 20 ,000  t o  250 ,000
Sodium 10,600 12,000 to  150,000
Potassium  380 30 t o  4 ,000
Calcium 400 1 ,000 to  120,000
Magnesium 1,300 500 t o  25 ,000
Barium 0 .0 3  0 t o  1,000
The problem  w ith  t h i s  d r i l l i n g  mud d is p o s a l  method i s  th a t  t e a r in g  
and rem oving l in e r s  spreads s a l in e  d r i l l i n g  m a te r ia ls  over a w ide area  
o f th e  d r i l l  s i t e .  No l in e r  rem ains to  p rev en t th e  m a te r ia l in  th e  
tren ch es  from le a c h in g  in t o  th e  s o i l  or groundwater.
R a tio n a le  and Purpose
Few s tu d ie s  (none in  Montana) have been conducted  t o  determ ine th e  
e f f e c t  o f  d r i l l i n g  f lu id s  or r e se r v e  p i t  rec la m a tio n  on groundwater 
q u a l i t y .  With th e  e x te n s iv e  o i l  and gas developm ent Montana has 
ex p er ien ced  in  r e c e n t y ea rs  and th e  p o t e n t ia l  fo r  expanded developm ent 
in  th e  Montana o v e r th r u s t , th e s e  ty p e s  o f data  are  needed so  th a t  th e  
q u a lity  o f  groundwater r e so u rce s  may be a d eq u ate ly  p r o te c te d . I t  i s  
im portant t o  p r o te c t  th e s e  re so u r c e s  to  a ssu r e  good q u a l i ty  d r in k in g  
w ater s u p p lie s  and t o  m ain ta in  th e  q u a l i ty  o f  groundw ater-fed  s u r fa c e  
strea m s.
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The purposes o f  t h i s  stud y  are to :
1 .)  D eterm ine th e  e f f e c t  o f  r e se r v e  p i t  rec la m a tio n  p roced u res on 
sh a llow  groundwater q u a l i ty  a t  two o i l  w e l l  s i t e s  in  R ich lan d  
County, Montana.
2 . )  Determ ine th e  f e a s i b i l i t y  o f  groundwater q u a l i ty  m o n ito r in g  
through e l e c t r i c a l  r e s i s t i v i t y  methods a t  s i t e s  in  R ich lan d  
County, Montana and McKenzie County, N orth D akota.
3 . )  Examine cu rren t s t a t e  and F o r e st  S e r v ic e  p o l i c i e s  reg a rd in g  
r e se r v e  p i t  rec la m a tio n  te c h n iq u e s .
4 . )  Su ggest a l t e r n a t iv e s  or in^rovem ents to  th e s e  p o l i c i e s  u s in g  
th e  r e s u l t s  o f t h i s  s tu d y .
R ichland County, Montana
In tr o d u ctio n
R ichland County, lo c a te d  in  n o r th ea stern  Montana, borders N orth  
Dakota (F igure 4 ) .  The county has a lan d  area  o f  2065 square m ile s  
(5348 sq . km) and a p o p u la tio n  o f  1 2 ,2 4 3 . S id n ey , th e  county s e a t ,  i s  
th e  major p o p u la tio n  c e n te r  (1980 cen su s d ata , U .S . Department o f  
Commerce Bureau o f th e  C ensus, 1981a).
The c lim a te  o f  R ich land  County i s  s e m i-a r id , a v era g in g  
approxim ately  13 in c h e s  (3 3 .0  cm) o f  p r e c ip i t a t io n  a n n u a lly .  
N orm ally , 80 p erce n t o f  th e  annual p r e c ip i t a t io n  f a l l s  betw een th e  
months o f  A p r il and Septem ber, w ith  June b e in g  th e  w e t t e s t  month. 
Y early snow f a l l  av era g es about 25 in c h e s  (6 3 .5  cm) a t  th e  low er  
e le v a t io n s ,  w ith  more in  th e  h i l l s  (See Montana Water R esources Board, 
1971).
The m a jo r ity  o f  th e  land  in  th e  county i s  used  fo r  farm ing and 
ran ch in g . Appproxim ately 40 p erce n t o f  th e  land  i s  u sed  fo r  farm  
p ro d u ctio n  and p a s tu r e , 54 p e r c e n t fo r  ran ge. The prim ary crop s
— 10—
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Figure 4. Location of Richland County, Montana shown by 
hatched area.
-11-
in c lu d e  w heat, b a r le y , o a t s ,  hay, sugar b e e t s ,  and corn (P escado and 
Brockman, 1980).
Physiography
R ichland County l i e s  in  th e  M isso u r i P la tea u  o f  th e  N orthern G reat 
P la in s  p h y sio g ra p h ic  p ro v in ce  (Fenneman, 1931). The area  i s  
c h a r a c te r iz e d  by broad r iv e r  v a l l e y s  w ith  o c c a s io n a l badlands grad in g  
in t o  broad te r r a c e s  and r o l l i n g  u p lan d s. The M isso u r i R iver borders  
th e  county to  th e  north  and th e  Y ello w sto n e  R iver  f lo w s  a c r o ss  th e  
co u n ty 's  so u th e a s t  corn er .
The h ig h e s t  e le v a t io n  (2450 f e e t ,  747 m) o ccu rs a t  th e  d ra in age  
d iv id e  between th e  Y ellow ston e R iver and Redwater Creek (a tr ib u ta r y  
o f  th e  M iss o u r i) .  The lo w e st  e le v a t io n  (1850 f e e t ,  564 m) i s  found in  
th e  n o r th e a s t  corn er o f  th e  county where th e  M issou ri and Y e llo w sto n e  
r iv e r s  le a v e  th e  s t a t e  (S ah in en , 1956).
Authors d isa g r e e  on th e  age and number o f advances o f  th e  
c o n t in e n ta l  g la c ie r s  in t o  R ich land  County. Alden (1932) d e s c r ib e s  one 
advance o f  I l l i n o i n  or Iowan age; Howard (1960) r e f e r s  to  one advance 
o f e a r ly  W isconsin  age; C olton  and o th e r s  (1961) and Lemke and o th e r s  
(1965) su g g e s t  two W isconsin  ad van ces. The au th ors a g ree , however, 
th a t  R ich land  County was g la c ia t e d  a lm ost in  i t s  e n t ir e t y ;  on ly  a 
p o r t io n  o f  th e  county sou th  o f  th e  Y ello w sto n e  R iver and th e  h iÿ i  
F l a x v i l l e  p la te a u s  escap ed  g la c ia t io n .
S tra tig ra p h y
Rocks exposed  in  R ich land  County range in  age from e a r ly  T e r tia r y  
t o  Q uarternary. Exposed P a leo cen e  bedrock b e lon gs to  th e  F ort Union
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Formation* T h is form ation  i s  d iv id e d  in t o  fo u r  u n it s ,  in  a scen d in g
order: th e  T u llock  Member, th e  Lebo S h a le  Member, th e  Tongue R iver
Member, and th e  S e n t in e l  B u tte  Member (P rich ard  and L an d is, 1975; 
S la g le ,  1981). These u n it s  are composed o f  san d sto n e , c la y ,  s h a le ,  
l i g n i t e ,  carbonaceous sh a le  and c l in k e r  (Torrey and Kohout, 1956) and 
are d is t in g u is h e d  c h ie f l y  by c o lo r  (P rich ard  and L an d is, 1975).
G en era lly , th e  bedrock u n it s  are f l a t  ly in g ,  but s t r a t a  d ip  g e n t ly  
e a s t  and so u th e a s t  in  th e  northern  reach es o f  th e  county and 
n o r th e a s te r ly  in  th e  sou th ern  p a r t o f  th e  county (Sah inen , 1956). 
F igure 5 shews th e  major s t r u c tu r a l  f e a tu r e s  in  th e  a rea .
The F l a x v i l l e  G ravels d e p o s ite d  by th e  a n c e s tr a l  Y e llo w sto n e  and 
M issou ri r iv e r s  r e p r e se n t  th e  M iocene or P lio c e n e  s e r i e s  in  R ich lan d  
County (P rich ard  and L an d is, 1975 ). These g r a v e ls  are commonly
covered  by g la c ia l  d r i f t  north  o f th e  l im i t  o f  g la c ia t io n ,  but sou th
o f th e  l im it  th ey  cap h i ^  p la te a u s  (Howard, 1960; P rich ard  and 
L andis, 1975).
The P le is to c e n e  s e r i e s  c o n s is t  o f  g la c i a l  d r i f t  and th e  C artw righ t  
and Crane Creek g r a v e ls  o f th e  Y ello w sto n e  R iver benches ( S la g e l ,  
1981).
The P le is to c e n e  and H olocene a llu v iu m  a lo n g  th e  major r iv e r  
v a l l e y s  and t r ib u t a r ie s  form th e  most r e c e n t  d e p o s its  in  R ich land
County (P rich ard  and L an d is, 1975).
H ydrogeology
N oble and o th e r s  (1982) r e p o r t th a t  e ig h t  major a q u ife r  system s  
e x i s t  in  th e  G reat P la in s  reg io n  o f  Montana: th e  Qu^jg^emary
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u n co n so lid a ted  d e p o s it s ;  T e r tia r y  F ort Union Form ation; C retaceou s Fox 
H il l s - H e l l  C reek, J u d ith  R iv er , E agle and K ootenai Form ations; 
J u r a s s ic  S w ift  Form ation; and M is s is s ip p ia n  Madison Group. S p e c i f i c  
in form ation  recharge r a t e s ,  groundwater flow  p a th s , and v a lu e s  fo r  
s t o r a t iv i t y  and t r a n s m is s iv i ty  fo r  th e s e  a q u ife r s  are not c u r r e n tly  
known (N oble and o th e r s ,  1982). In R ich land  C ounty, th e  a q u ife r s  o f  
th e  J u d ith  R iver and younger form ation s (T able 3) are  u sed  e x te n s iv e ly  
b ecau se th ey  are sh a llo w er  and l e s s  ex p en siv e  t o  d evelop  than th e  
deeper a q u ife r s  in  th e  r e g io n .
T his study fo c u se s  on th e  sh a llo w  a q u ife r s  in  th e  Q uarternary  
d e p o s it s .  These a q u ife r s  in c lu d e :  a llu v iu m , co llu v iu m , e o l ia n
d e p o s it s ,  te r r a c e  d e p o s it s ,  h ig ^ - le v e l  g r a v e ls ,  g la c i a l  d e p o s it s ,  and 
w eathered  s u r fa c e s  o f san dston e fo rm a tio n s . A l lu v ia l  d e p o s it s  c o n s i s t  
o f  r i v e r - la i n  san d s, s i l t s ,  R a v e l s ,  and c la y s  up to  100 f e e t  (3 0 .5  m) 
th ic k  in  th e  Y ellow ston e  R iver V a lle y  o f  R ich land  County (P rich ard  and 
L andis, 1975; See N oble and o th e r s ,  1 9 82 ). These a q u ife r s  are  
commonly used  because y ie ld s  are h ic ^ , th e  sh a llow  w ater i s  
in e x p e n s iv e  t o  ta p , and p o p u la tio n  c e n te r s  are lo c a te d  in  th e  a l l u v i a l  
v a l l e y s  (Noble and o th e r s ,  1982 ). These a q u ife r s  are  recharged  by th e  
r iv e r  (d u rin g  p e r io d s  o f  h igh  f lo w ) ,  p r e c ip i t a t io n ,  underflow  from  
a d ja cen t te r r a c e  d e p o s it s  and b ed rock , seep age from ir r ig a t io n  c a n a ls ,  
and i r r ig a t io n  retu rn  flo w  (Torrey and Kahout, 1956).
C olluvium  and e o l ia n  d e p o s it s  are u s u a lly  th in ,  10-15 f e e t  
( 3 .0 - 4 .6  m) t h ic k ,  w ith  y ie ld s  o f about 10 gpm. These a q u ife r s  were 
tapped by th e  dug w e l l s  o f hom esteaders and e a r ly  s e t t l e r s  (S ee N oble 
and o th e r s ,  1982).
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Table 3. Stratigraphie column for Richland County, Montana 
(from Slagle, 1981).
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T errace d e p o s it s  and h ig h - le v e l  g r a v e l d e p o s its  are u n c o n so lid a te d  
to  s e m i-c o n s o lid a te d  f l u v i a l  d e p o s it s .  T errace d e p o s it s  occu r a lo n g  
th e  major r iv e r s ,  but h ig h - le v e l  g r a v e ls ,  d e p o s ite d  by r iv e r  system s  
a n c e s tr a l  t o  th e  M issou ri and Y e llo w sto n e , a re  o f t e n  lo c a te d  many 
m ile s  from p r e se n t  day r iv e r s  (See N oble and o th e r s ,  1982 ). These  
d e p o s its  are u s u a lly  l e s s  than 50 f e e t  (1 5 .2  m) th ic k  in  R ich land  
County (P rich ard  and L an d is, 1975; Noble and o th e r s ,  1982). 
P r e c ip ita t io n  i s  th e  prim ary sou rce o f  recharge fo r  th e  h igji t e r r a c e  
g r a v e ls  and low er n o n ir r ig a te d  t e r r a c e s .  The low er ir r ig a t e d  te r r a c e s  
are recharged  by p r e c ip i t a t io n ,  i r r ig a t io n  w a ter , and underflow  from  
h ig h er  t e r r a c e s  and bedrock (See Torrey and Kahout, 1956). T errace  
d e p o s its  may y i e ld  1 ,000 gpm or more and g e n e r a lly  th e  low er t e r r a c e  
d e p o s its  (near major r iv e r  v a l l e y s  or in  a llu v iu m ) y i e l d  more w ater  
than  h ig h er  d e p o s it s  (N oble and o th e r s ,  1982).
G la c ia l  d e p o s its  u sed  fo r  w ater s u p p lie s  are  u s u a lly  found north  
o f  th e  M issou ri R iver (N oble and o th e r s ,  1982), o u ts id e  o f  R ich land  
County. These d e p o s its  are norm ally l e s s  than 50 f e e t  (1 5 .2  m) th ic k ,  
but th ic k n e s s e s  g r e a te r  than  100 f e e t  (3 0 .5  m) occu r in  th e  extrem e 
n o r th e a s t  corner o f  Montana. Y ie ld s  from th e s e  d e p o s it s  range from  
5-10 t o  1,000 gpm (Noble and o th e r s ,  1 9 82 ).
Water q u a lity  from u n c o n so lid a te d  d e p o s it s  i s  h ig h ly  v a r ia b le  due 
t o  th e  d iv e r se  nature o f  th e  d e p o s it s  and t o  th e  d if f e r e n c e s  in  
groundwater f lu s h in g  r a t e s .  Shallow  d e p o s it s  are h e a v ily  u sed  as a 
sou rce o f  d om estic , s to c k , and i r r ig a t io n  w a ter , and are s u s c e p t ib le  
t o  con tam in ation  and ov eru se  (S ee  N oble and o th e r s ,  1982).
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study S i t e s
Study S i t e  One (SW^ NE  ̂ S ec . 15, T. 23N ., R .59E .) (F ig u r es  6 and 
7) i s  u n d e r la in  by 2 -4  f e e t  ( 0 .6 - 1 .2  m) o f  s i l t ,  sand and g r a v e l 
grad ing in t o  Crane Creek T errace G ravels (P rich ard  and L an d is, 1975). 
These g r a v e ls  are  sandy, w e ll  rounded, f a i r l y  w e l l  s o r te d  and 6-15  
f e e t  ( 1 .8 - 4 .6  m) th ic k .  A ccording to  P rich ard  and L andis (1 9 7 5 ), 
th e s e  g r a v e ls  were d e p o s ite d  on top  o f  th e  bench c u t in to  th e  Tongue 
R iver Member o f th e  F ort Union Form ation. W ell lo g s  in  th e  area  show 
sand le n s e s  and a lt e r n a t in g  beds o f c la y ,  sand, and c o a l u n d e r ly in g  
th e se  g r a v e ls  (Appendix B ).
The w ater ta b le  a t  t h i s  s i t e  v a r ie d  from 6 .2  t o  11.2  f e e t  ( 1 .9 - 3 .4  
m) below la n d 's  su r fa c e . The h ig h er  w ater ta b le  in  th e  mid to  la t e  
summer months probably r e f l e c t s  th e  in f lu e n c e  o f  i r r ig a t io n  recharge  
(th e  s i t e  i s  surrounded by sm a ll t r a c t s  o f ir r ig a t e d  lan d ) combined  
w ith  h ig h er  p r e c ip i t a t io n  du rin g  th e s e  months. The o i l  w e l l  a t  t h i s  
s i t e  was d r i l l e d  from August 1981 t o  March 1982 and th e  r e se r v e  p i t  
was tren ch ed  and b u r ied  from A ugust 10th through 2 5 th , 1982.
Study S i t e  Two (NE% ME  ̂ S ec . 13, T .2 3 N ., R .59E .) (F ig u res  6 and 8) 
i s  u n d er la in  hy 6 -10  f e e t  ( 1 .8 - 3 .0  m) o f  s i l t y  to  sandy c la y  above 
5-12 f e e t  ( 1 .5 - 3 .7  m) o f  f in e  gra in ed  sand. U nd erly in g  t h i s  are  
a l l u v i a l  d e p o s its  o f  c la y ,  s i l t ,  sand and g r a v e l (or b o u ld ers) up to  
100 or more f e e t  (3 0 .5  m) th ic k  (P rich ard  and L an d is, 1975).
The w ater ta b le  a t  t h i s  s i t e  i s  7 .8  t o  10.3  f e e t  ( 2 .4 -3 .1  m) below  
th e  la n d 's  s u r fa c e . The area  i s  surrounded by ir r ig a t e d  f i e l d s  and an 
e le v a te d  i r r ig a t io n  retu rn  d itc h  f lo w s  a lo n g  th e  sou th ern  border o f  
th e  lo c a t io n .  The o i l  w e l l  a t  t h i s  s i t e  was d r i l l e d  from May t o
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November 1981 and th e  r e se r v e  p i t  was tren ch ed  and b u r ied  in  th e  
sp r in g  o f  1982.
McKenzie County, North Dakota 
In tr o d u ctio n
McKenzie County i s  lo c a te d  in  w est c e n tr a l North Dakota on th e  
Montana border (F igure 9 ) .  The county has a land  area  o f  2754 square  
m ile s  (7133 sq . km) and a p o p u la tio n  o f 7132 . W atford C ity  i s  th e  
major p o p u la tio n  ce n te r  in  th e  county (1980 cen su s d a ta , U .S . 
Department o f  Commerce Bureau o f  th e  C ensus, 1981b).
Like R ichland County, th e  c lim a te  o f  McKenzie County i s  s e m i-a r id ,  
a v era g in g  about 15 in c h e s  (3 8 .1  cm) o f  p r e c ip i t a t io n  a n n u a lly . 
A pproxim ately 75 t o  80 p erce n t o f  th e  annual p r e c ip i t a t io n  f a l l s  from  
A p r il t o  Septem ber, w ith  June b e in g  th e  w e t t e s t  month and December th e  
d r ie s t .  Average annual sn o w fa ll i s  30-34  in c h e s  (7 6 .2 -8 6 .4  cm) (See  
Richmond and o th e r s ,  1975).
Large tem perature f lu c tu a t io n s  are common both  on an annual and 
d a ily  b a s is .  Annual tem p eratu res range from 25-35°F  below zero  ( -3 1 .7  
t o  -3 7 .2 °C ) in  th e  w in te r  t o  96-100°F  (3 5 .5  -  37.8°C ) in  th e  summer. 
January i s  th e  c o ld e s t  month and Ju ly  th e  h o t t e s t  (See Richmond and 
o th e r s , 1975).
Physiography
McKenzie County l i e s  in  th e  N orthern G reat P la in s  p h y sio g ra p h ic  
p ro v in ce  (Fenneman, 1931). A pproxim ately 60 p erce n t o f  th e  county i s  
r o l l i n g  t o  rough up land , in te r r u p te d  by h igh  b u tte s  and w ide r iv e r
- 22 -
NORTH DAKOTA
Missouri River
L ittle
Missouri
River
SOrni
8 0 k m
Figure 9. Location of McKenzie County, North Dakota shown 
by hatched area.
-23-
v a l l e y s .  The Y ellow ston e R iver f lo w s  a c r o ss  th e  n orth w est corn er o f  
th e county b efo re  i t  jo in s  w ith  th e  M isso u r i t o  form th e  c o u n ty 's  
northern  border. The L i t t l e  M isso u r i R iver f lo w s  a c r o ss  th e  so u th e a s t  
p o r tio n  o f  th e  cou n ty . Both th e  M issou ri and L i t t l e  M issou ri R iver  
v a l l e y s  are c h a r a c te r iz e d  by rough te r r a in  or "badlands."  These a rea s  
are 3-25 m ile s  (4 .8 -4 0 .0  km) w ide a lo n g  th e  L i t t l e  M issou ri R iver  
where s o f t  c la y s ,  s h a le s ,  and sa n d sto n es  eroded  in t o  b lu f f s ,  b u t te s ,  
p in n a c le s ,  g u l l i e s ,  and canyons (See F ish e r , 1953).
The B lue B u tte s  form th e  h ig h e s t  e le v a t io n s  in  th e  cou n ty , r i s i n g  
2800 f e e t  (853 m) above sea  l e v e l  in  th e  e a s te r n  p o r tio n  o f  th e  county  
(F ish e r , 1983). The lo w e st  e le v a t io n ,  approxim ately  1850 f e e t  (564  
m), occurs a lo n g  th e  M issou ri R iver V a lle y  (U .S . Department o f  
I n te r io r  G e o lo g ic a l Survey , 1978). The uplands are u s u a lly  sep a ra ted  
from th e s e  v a l le y  low lands by abrupt s lo p e s  or b lu f f s  (F ish e r , 1953).
C o n tin en ta l g la c ie r s  covered  McKenzie County north  o f  th e  L i t t l e  
M issou ri R iver (Lemke and o th e r s ,  1965). Thin d r i f t  d e p o s it s  are  
found in  th e  northern  and w estern  p o r t io n s  o f th e  county (Sim pson, 
1929), but fu r th e r  sou th  and e a s t ,  e r r a t ic s  are th e  on ly  ev id en ce  o f  
g la c ia t io n .  These b o u ld ers  were e i th e r  d e p o s ite d  w ith  a minimum o f  
oth er  g l a c ia l  m a te r ia l or th e  f in e r  sed im en ts have s in c e  eroded  away 
(See F ish e r , 1953).
S tra tig ra p h y
Bedrock exposed  in  McKenzie County i s  T e r tia r y  in  age. Eocene and 
P aleocen e sa n d sto n es , s i l t s ,  san d s, and c la y s  o f  th e  Golden V a lle y  
Form ation cap th e  h ic^  b u tte s  in  th e  e a s te r n  p o r tio n  o f  th e  cou n ty .
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Paleocene s i l t s ,  sands, c la y s ,  san dston es and l i g n i t e  d e p o s its  o f th e  
B u llio n  Creek Formation are exposed a lo n g  th e  Y ellow ston e and L i t t l e  
M issouri R iver v a l le y s  and th o se  o f  th e  S e n t in e l B u tte  Formation are  
ejqposed over most o f th e  r e s t  o f  th e  county (See C layton  and o th e r s ,  
1980).
S tra ta  in  th e  w e s t -c e n tr a l p o r tio n  o f  th e  county d ip  n o r th ea st  and 
e a s t  (F ish er , 1953). G eneral s tr u c tu r a l fe a tu r e s  o f  th e  area are  
shown in  F igure 5 .
L o ca lized  d e p o s its  o f Quaternary and upper T ertia ry  r iv e r  
sedim ents are found a lo n g  th e  M issouri and Y ellow ston e R iver v a l le y s .  
These sed im ents are up to  300 f e e t  (9 1 .4  m) th ic k  and in c lu d e  te r r a c e ,  
fan , pediment g r a v e l, and P lio c e n e  (?) t o  m iddle (? ) Quaternary c la y ,  
s i l t ,  sand and g ra v e l (See C layton  and o th e r s , 1980).
Holocene to  Pre-W isconsinan g la c ia l  sedim ent up to  100 f e e t  (3 0 .5  
m) th ic k  drape e x i s t in g  topography from w est c e n tr a l to  n o rth ea st  
McKenzie County. These sed im ents are unbedded and u n sorted  c la y ,  
s i l t ,  sand, and p eb b les w ith  a few cob b les  and b ou lders (See C layton  
and o th er , 1980).
D ep osits  o f H olocene and W isconsinan age windblown s i l t s  20 f e e t  
(6 .1  m) th ic k  occur in  i s o la t e d  p a tch es  near th e  con flu en ce  o f th e  
M issouri and Y ellow stone R iv ers . These sed im ents reach th ic k n e s se s  o f  
seven  f e e t  (2 .1  m) a lo n g  th e  uplands o f th e  M issouri R iver and th ree  
f e e t  (0 .9  m) in  p la c e s  t h r c u t o u t  th e  s t a t e .  Holocene r iv e r  sed im ents  
as th ic k  as 30 f e e t  (9 .1  m) occu r on th e  f lo o d  p la in s  o f a l l  cu rrent  
d rainages (See C layton and o th e r s , 1980).
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Hydrogeology
Major a q u ife r s  in  th e  county occu r w ith in  a l l u v i a l  d e p o s it s ,  th e  
S e n t in e l B u tte , upper Ludlow and B u llio n  C reek, upper H e ll Creek and 
low er Ludlow, and Fox H i l l s  and low er H e ll Creek form ation s (Murphy, 
1983). The a q u ife r s  o f  concern  in  t h i s  study are th o se  o f  th e  
S e n t in e l B u tte  and upper L u d low -B ullion  Creek fo rm a tio n s. T able 4 
shows a g en era l s t r a t ig r a p h ie  s e c t io n  fo r  th e  a rea . Depths to  th e  
w ater ta b le  in  th e  p la in s  can be w e l l  over  30 f e e t  (9 .1  m) (Murphy, 
1983).
Study S i t e s
A ll  study s i t e s  in  McKenzie County (F igure 10) a re  lo c a te d  w ith in  
th e  S e n t in e l  B u tte  or B u ll io n  Creek fo rm a tio n s. Due t o  lack  o f  funds 
fo r  a d r i l l i n g  program, s i t e  s p e c i f i c  geo logy  and geohydrology are not 
known fo r  Study S i t e s  Four th r o u ^  Seven. W ell lo g s  fo r  two 27 fo o t  
(8 .2  m) m on itor in g  w e l ls  were a v a i la b le  fo r  S i t e  Three.
Study S i t e  T hree, th e  G ulf 2 -2 5 -2 c , (NE% Sec. 25 , R .147N ., R .98W .) 
i s  u n d e r la in  by P a leo cen e  sed im en ts o f  th e  S e n t in e l  B u tte  Form ation. 
T his s i t e  i s  lo c a te d  on a hig^i r id g e  (F ig u res  11 and 12) and th e  w ater  
ta b le  would be a c o n s id e r a b le  d is ta n c e  below th e  s i t e .  W ell lo g s  from  
two h o le s  d r i l l e d  by th e  F o r e s t  S e r v ic e  show a lt e r n a t in g  beds o f  c la y ,  
sand, sa n d ston e, and c o a l  (Appendix C ). At 25 f e e t  (7 .6  m), a c o n ta c t  
betw een a w et sand and a dense c la y  la y e r  was n o ted . The w ater  
co n ta in ed  in  t h i s  sand was probably p erched  on th e  c la y  la y e r  and th e  
r e g io n a l w ater t a b le  i s  some d is ta n c e  below .
The o i l  w e l l  a t  t h i s  s i t e  was com pleted  in  th e  w in ter  o f 1981, b u t
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Table 4. Stratigraphie column for Billings, Slope, and Golden 
Valley counties. North Dakota (from Anna, 1981).
Era Period G roup
Form ation 
or M em ber Aquifer
5
c5
Ouaternarv Alluvium
T ertian
W hite River Form ation 
Golden Valiev Form ation
s Sentinel Butte M em ber Sentinel Butte
Tongue R iser 
M em ber Tongue River 
and upper
1 " d k "
Lower Ludlow and 
upper Hell C reek _
Ludlow M em ber (upper part; 
and Lebo Shale M em ber
a .1^,0
^  *' .......M em ber
Ludlow M em ber (lower part'
■i
5
w
z
Upper
Cretaceous
Hell C reek Formation
Fox Hills and 
lower Hell C reekMontana
G roup
Fo\ Hills Sandstone
Pierre Shale
Colorado
Group
N iobrara Form ation 
Garble Shale 
G reenhorn  Limestone 
Belle Fourche Shale
Lo\'.er
Cretaceous
Mowta’ Shale 
Newcastle Sandstone 
Skull C reek Shale Dakota
Inyan Kara 
G roup
Fall R i\e r Sandstone 
Fuson Shale 
Lakota Form ation
Jurassic
M ornson Form ation 
Swift Form ation 
Rierdon Form ation 
Piper Form ation 
Nesson Form ation
L ndifferentiated 
Paleozoic and 
Mesozoic aquifers
Triassic Spearfish Form ation
Permian
M innekahta Lim estone 
Opeche Formation
PeniisvKan'an Minnelusa Formation
Mississippian
Big SnowA' 
C roup
Heath Form ation 
O tte r Form ation 
Kihbev Form ation
Madison Group
C harles Form ation 
Mission Canyon Limestone 
Lodgepole Lim estone
Bakken Formation
s Three Porks Form ation
J Birdbear Form ation
a. D uperow Form ation
Devonian Souris River Form ation
Dawson Bav Formation
Prairie Form ation
W’iniiipecosis Form ation
Silurian Interlake Form ation
Bighorn Stous M ountain f  orm ation
Ordovician Group Red P.ivrr Formation
W ir.itipeu P'ormation
Camiirian üeatlw ood Form ation
-27-
Watford City
MCKENZIE 
COUNTY i
4 0  mi0
6 4  km
Figure 10. Location of study sites in McKenzie County,
-28-
0
K
□  S ite  Three Oil Well
C o n to u r  In te rva l  = 2 0  f t
K
I mi
4
1.6 km
Figure 11. Topography of Section 25, T.147N,, R.98W. and 
location of Study Site Three (the Gulf 2-25-2c)
location  e leva tion
2 3 0 0
2 2 0 0
2100'
Figure 12. Topographic profile A-A' through the Gulf 
site (from Hicks, 1983b).
-29-
th e  r e ser v e  p i t  rem ains open. A s a l in e  seep  d evelop ed  downslope on 
th e  sou th w est s id e  o f th e  lo c a t io n  and a t r a c e r  d ie  was p u t in  th e  
open p i t  in  th e  S p rin g  o f  1982 t o  tr y  to  determ ine i t s  so u r c e , but 
th e se  e f f o r t s  were u n s u c c e s s fu l .  To d a te , no a c t io n  has been tak en  t o  
sto p  th e  seep  (See H ick s, 1983b).
S i t e  Four, th e  S h e ll  3 3 -2 0 , (NW  ̂ SE^ Sec. 20 , T .150N. R.103W .) i s  
u n d er la in  by sed im ents o f th e  S e n t in e l  B u tte  Form ation. T his s i t e  i s  
lo c a te d  on a h igh  p la te a u  (F igure 13) and a r e l a t iv e l y  deep r e g io n a l  
w ater ta b le  would be eaqpected. T his w e l l  was com pleted  in  e a r ly  1980, 
and th e  r e se r v e  p i t  was sq u eezed  and b u r ied . A s a l in e  seep  o f f  th e  
so u th e a s t  s id e  o f  th e  lo c a t io n  was n oted  in  A p r il ,  1981. A l in e d  
catchm ent b a s in  was c o n s tr u c te d  t o  co n ta in  th e  s a l in e  w ater , and in  
August 1982, a tren ch  was dug a t  th e  w est s id e  o f th e  lo c a t io n  to  
in te r c e p t  groundwater flow  ( in  an a ttem p t to  s to p  th e  seep ) (See  
H icks, 1983b). S u rface s o i l  sam ples were tak en  from th e  e a s t  edge o f  
th e  lo c a t io n  and a t  th e  seep  area  (Appendix D) (U .S . F o r e st  S e r v ic e  
C uster N a tio n a l F o r e s t , 1983).
S i t e  F iv e , th e  F ly in g  J .  lo c a t io n ,  (SE% SÊ ï Sec. 2 , T .149N. 
R.97W.) i s  u n d er la in  by sed im en ts o f  th e  S e n t in e l  B u tte  Form ation. 
T his s i t e  i s  lo c a te d  a d ja cen t t o  an in te r m it te n t  stream  (F igu re  1 4 ).  
The w e l l  a t  t h i s  s i t e  was d r i l l e d  in  1966. The f i r s t  seep  was n o t ic e d  
in  O ctober 1981, s u r fa c in g  near th e  bottom  o f  an in te r m it te n t  stream  
j u s t  sou th  o f  th e  lo c a t io n .  A zone o f  su r fa c e  s a l t  and dead  
v e g e ta t io n  900 f e e t  (274 m) lo n g  and 10 t o  75 f e e t  (3 .0  to  2 2 .9  m) 
wide ex ten d s down th e  dra in age (See H ick s, 1983b). The w e l l  a t  t h i s  
s i t e  was d r i l l e d  in  1966, but i t  i s  n ot known w hether or not th e  p i t
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Figure 13. Topography of Section 20, T.150N,, R.103W. and
location of Study Site Four (the Shell 33-20).
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was l in e d  or what rec la m a tio n  method was u sed .
S i t e  S ix ,  th e  S h e ll  34X -6, (SW^SE^ S ec . 6 , T.148N. R.104W.) i s
s i t u a t e d  upon P a leocen e  sed im en ts o f  th e  B u ll io n  Creek Form ation.
T his s i t e  i s  a ls o  lo c a te d  j u s t  above an in te r m it te n t  stream  (F igu re
15 ). T h is w e ll  was d r i l l e d  in  December 1977 and th e  p i t  was l in e d ,  
but th e  method o f  rec la m a tio n  i s  unknown.
S it e  Seven , th e  B lue B u tte s ,  (NŴ j NŴs S ec. 2 1 , T .15T N ., R.95W. ) i s  
u n d er la in  by th e  S e n t in e l  B u tte  Form ation. The h ig h e s t  e le v a t io n s  in  
th e  county are found in  t h i s  a rea , and g r e a te r  depths to  th e  w ater  
ta b le  would be ex p ec te d  (F igu re  1 6 ). T h is w e l l  i s  lo c a te d  in  an o ld  
f i e l d  and th e  e x a c t d r i l l i n g  d a te  and th e  method o f  p i t  rec la m a tio n  i s  
unknown.
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Chapter I I  
RELATED GROUNDWATER INVESTIGATIONS
The problem s o f groundwater q u a lity  d egrad ation  from le a k in g  b r in e  
ev a p ora tion  p i t s  or b u r ied  p i t  le a c h a te  are  w e l l  documented. The 
problems a s s o c ia te d  w ith  r e se r v e  p i t  rec la m a tio n  and d r i l l i n g  f l u i d  
d is p o s a l  are n o t. T h is ch ap ter  summarizes p r e v io u s  work in  both  o f  
th e se  a r e a s . F i r s t ,  g en era l and e l e c t r i c a l  r e s i s t i v i t y  in v e s t ig a t io n s  
o f b r in e  d is p o s a l  are  m entioned . N ext, s tu d ie s  d e a lin g  w ith  f i e l d  
in v e s t ig a t io n s  o f  d r i l l i n g  mud d is p o s a l  are  summarized. F in a l ly ,  
p rev io u s  work in  th e  s t a t e  o f  Montana i s  rev iew ed .
O il F ie ld  B rines
G eneral I n v e s t ig a t io n s
A v a r ie ty  o f  in v e s t ig a t iv e  tech n iq u es  have been used  to  study  
p o l lu t io n  problem s s p e c i f i c  to  o i l  f i e l d  o p e r a t io n s . Water q u a l i ty  
d egrad ation  due t o  seep age from produced w ater eva p o ra tio n  p i t s  has 
been documented in  Alabama (P ow ell and o th e r s ,  1963; Knowles, 1965; 
P ow ell and o th e r s ,  1973; M ille r  and o th e r s ,  1977), Arkansas 
(Fryb erg er , 1972 and 1975), C a lifo r n ia  (Todd and M cNulty, 1976), 
Colorado (Leeden and o th e r s ,  1 9 7 5 ), Kansas (L a tta , 1963; Leonard, 
1964; Bryson and o th e r s ,  1966); Kentucky (K re iger and H enderickson, 
1960; H opkins, 1963); M is s is s ip p i  (M ille r  and o th e r s ,  1 9 7 7 ), New 
Mexico (M cM illion , 1971; S c a lf  and o th e r s ,  1973), Ohio (Shaw, 1966; 
Lehr, 1969; P e tty jo h n , 1971, 1973 and 1975); Texas (M cM illion , 1965; 
Payne, 1966; M ille r ,  1980) and Utah (Baker and Brendecke, 1983).
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B rine p o l lu t io n  problem s a s s o c ia t e d  w ith  in p ro p er ly  p lu gged  or 
unplugged w e l ls  have been documented in  s e v e r a l  o f  th e  s t a t e s  
m entioned above and in  G eorgia  (M ille r  and o th e r s ,  1977) and New York 
(C rain , 1969).
E le c t r ic a l  R e s i s t iv i t y  I n v e s t ig a t io n s
B oster  (1967) u sed  e l e c t r i c a l  r e s i s t i v i t y  (Appendix E) sou nd in g  
and p r o f i l in g  tech n iq u es  t o  h e lp  determ ine th e  sou rce and a r e a l  e x te n t  
of p o l lu te d  groundwater in  Morrow and Delaware c o u n t ie s ,  Ohio. 
S urface r e s i s t i v i t y  tech n iq u es  were u sed  in  co n ju n ctio n  w ith  c h lo r id e  
and c o n d u c t iv ity  a n a ly se s  o f groundwater sam ples to  d is c o v e r  th e  
p o llu t io n  so u rce , determ ine i t s  s e v e r i t y  and e x te n t ,  and p r e d ic t  
fu tu r e  movement. R e s i s t iv i t y  was found to  be a u s e fu l  a n a ly t ic a l  
tech n iq u e because o f  i t s  r e l a t iv e  low c o s t  compared to  m onitor w e ll  
c o n s tr u c tio n  and w ater q u a l i t y  a n a ly s e s .
E le c t r ic a l  r e s i s t i v i t y  tech n iq u es  were used  on th e  Cimarron R iver  
T errace in  n orth w estern  Oklahoma to  d e l in e a te  and q u a n tify  
con tam in ation  o f a sh a llo w  a q u ife r  from o ld  o i l  f i e l d  b r in e  
ev a p o ra tio n  ponds (Oklahoma Water R esources Board, 1975). T est  
d r i l l i n g ,  w ater q u a lity  sam plin g , and b oreh o le  r e s i s t i v i t y  c o r r e la te d  
w e ll  w ith  su r fa c e  r e s i s t i v i t y  tech n iq u es  in  areas where la t e r a l  
g e o lo g ic  changes were m inim al.
Reed and o th e r s  (1981) conducted  soundings and p r o f i l i n g  su rv ey s  
a t  fo u r  ev a p o ra tio n  pond s i t e s  in  Bond, C h r is t ia n , Clay and Effingham  
c o u n t ie s ,  I l l i n o i s .  T h eir su rv ey s showed th e  e x te n t  and d ir e c t io n  o f  
p o l lu t io n  d is p e r s a l  around th e  ponds. They a l s o  u sed  apparent
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r e s i s t i v i t y  measurements as an in d ic a to r  o f  groundwater q u a l i ty  and 
r e la t iv e  s a l i n i t y  in  th e  stud y  a r e a s .
D r i l l in g  Muds
G eneral I n v e s t ig a t io n s
The American Petroleum  I n s t i t u t e  sponsored  a study o f  th e  
environm ental e f f e c t s  o f  d r i l l i n g  mud p i t s  and produced w ater  
inqpoundments a t  e ig h t  s i t e s  in  o i l  and gas f i e l d s  throughout th e  
U nited  S ta te s  (Dames and Moore, 1982). These s i t e s  were exam ined to  
determ ine i f  d r i l l i n g  f l u i d  le a c h a te  p re se n te d  a th r e a t  t o  human 
h e a lth  or th e  environm ent and t o  determ ine th e  tr a n sp o r t  mechanisms o f  
lea ch ed  m a te r ia l.  Sandies o f  groundwater, s o i l  and v e g e ta t io n  were 
c o l le c t e d  from th e  s i t e s  and a n a ly zed  fo r  heavy m eta ls  and o th er  
d is s o lv e d  io n s .  The study con clud ed  th a t  th e  l e v e l s  o f  heavy m eta ls  
measured in  groundwater a t  th e  s i t e s  d id  n o t p r e se n t  a h e a lth  hazard . 
Sodium and c h lo r id e  were found to  be th e  most m obile o f  th e  io n s  
t e s t e d ,  bu t c o n c e n tr a tio n s  o f th e s e  io n s  retu rn ed  t o  l e v e l s  a c c e p ta b le  
fo r  human consunption  w ith in  s e v e r a l  hundred f e e t  o f th e  r e se r v e  p i t s  
a t  most o f  th e  study a r e a s .
In 1979, th e  Bureau o f  Land Management i n i t i a t e d  a stud y  o f  
su r fa c e  d is p o sa l  o f  d r i l l i n g  f lu id s  in  Wyoming. The American 
Petroleum  I n s t i t u t e  h ir e d  F o rsg ren -P erk in s E n g in eer in g  t o  c o n p le te  th e  
study (F orsgren -P erk in s E n g in eer in g , P .A .,  1982) t o  determ ine th e
f e a s i b i l i t y  o f  su r fa c e  d is p o s a l  o f  f r e s h  w ater d r i l l i n g  f l u i d s .  T est  
p lo t s  were t r e a te d  w ith  v a ry in g  amounts o f  th e s e  f lu id s  and data  
c o l l e c t e d  on heavy m eta l and s a l t  uptake by p la n t s ,  and m eta l and s a l t
- 38 -
m igration  in  s o i l s .  Study r e s u l t s  in d ic a te d  th a t  th ere  was no
abnormal heavy m eta l accum ulation  in  th e  s o i l  or t o x ic  accu m u lation  in
p la n ts  a t  th e  t e s t  s i t e s .
E le c t r ic a l  R e s i s t iv i t y  I n v e s t ig a t io n s
Murphy (1983) conducted  su r fa c e  r e s i s t i v i t y  su rveys a t  two o f  th e  
fou r w estern  North Dakota o i l  w e l l  s i t e s  in c lu d e d  in  h is  stud y  o f  th e  
e f f e c t s  o f  d r i l l i n g  f l u id s  on sh a llo w  groundwater. The a rea s  s tu d ie d  
were rec la im ed  d r i l l  s i t e s  where th e  d r i l l i n g  f lu id s  co n ta in ed  in
re ser v e  p i t s  were tren ch ed  and b u r ied  a t  th e  lo c a t io n .  Water q u a l i t y  
a n a ly se s  and r e s i s t i v i t y  survey  r e s u l t s  in d ic a te d  th a t  p i t  le a c h a te  
was b e in g  gen era ted  a t  both s i t e s  and su r fa c e  r e s i s t i v i t y  proved  
u s e fu l  in  o u t l in in g  th e  plume o f  a f f e c t e d  ground w ater even  though  
la t e r a l  and v e r t i c a l  hom ogeneity was la c k in g .
Montana I n v e s t ig a t io n s
P rev iou s work in  Montana c o n s i s t s  o f an in v en to ry  o f  w e ll  s i t e s  in  
th e  e a s te r n  p o r tio n  o f  th e  s t a t e  conducted  by th e  author a s  an in te r n  
w ith  th e  s t a t e  Water Q u a lity  Bureau from A p r il t o  J u ly  1982 (Dewey, 
1982a). The purpose o f t h i s  work was to  document su r fa c e  and
groundwater q u a lity  problem s a s s o c ia t e d  w ith  o i l  and gas e x p lo r a tio n  
and developm ent and id e n t i f y  p o t e n t ia l  problem  a r e a s . S ev era l c a se s  
o f w ater q u a l i ty  d eg ra d a tio n  were documented in  th e  in te r n s h ip  r e p o r t .
A d d itio n a l work was done by th e  author (Dewey, 1982b) under 
c o n tr a c t  w ith  th e  Water Q u a lity  Bureau from Ju ly  to  September 1982 as  
a c o n tin u a tio n  o f  in v en to ry  work and as  an attem pt to  q u a n tify  th e
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e f f e c t s  o f  tr e n c h in g  r e se r v e  p i t s .  T his t h e s i s  i s  a c o n t in u a t io n  o f  
th e  work s ta r te d  w ith  th e  Water Q u a lity  Bureau and s im ila r  in v en to ry  
work conducted  by th e  U .S . F o r e st  S e r v ic e  on fe d e r a l  lan d s in  w estern  
North Dakota (H ick s, 1983b).
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Chapter I I I  
METHODS OF INVESTIGATION
The methods u sed  in  t h i s  stud y  were s e le c t e d  to  determ ine th e  
depthf movement and q u a l i ty  o f  th e  groundwater in  th e  v i c i n i t y  o f  
re se r v e  p i t s  a t  study s i t e s -  At two s i t e s ,  groundwater q u a lity  data  
were c o l le c t e d  t o  coop are w ith  r e s i s t i v i t y  data; a t  o th er  s i t e s ,  on ly  
r e s i s t i v i t y  data were c o l le c t e d .
T his s e c t io n  w i l l  d e sc r ib e  th e  methods o f in v e s t ig a t io n  u sed  a t  
a l l  study s i t e s .  F i r s t ,  a g en era l d e s c r ip t io n  o f  m ethodology i s  
p r e sen ted , in c lu d in g  s i t e  s e l e c t io n ,  m onitor w e l l  c o n s tr u c t io n , w ater  
chem istry  a n a ly s is ,  and e l e c t r i c a l  r e s i s t i v i t y  te c h n iq u e s . F o llo w in g  
are d e s c r ip t io n s  o f  s i t e  s p e c i f i c  methods u sed  a t  each s i t e  to  measure 
w ater l e v e l s ,  c o l l e c t  w ater sanqples, determ ine flow  and h y d r a u lic  
c o n d u c t iv ity ,  and conduct e l e c t r i c a l  su r v e y s .
S it e  S e le c t io n
Seven o i l  w e ll  s i t e s  in  e a s te r n  Montana and w estern  North Dakota 
were chosen  fo r  study t o  determ ine th e  e f f e c t s  o f r e se r v e  p i t  
rec la m a tio n  on th e  lo c a l  groundwater sy stem s. F ie ld  in v e s t ig a t io n s  
took p la c e  from August 1982 t o  J u ly  1983 fo r  th e  R ich land  County, 
Montana, s i t e s  and d u rin g  Ju ly  1983 fo r  th e  McKenzie County, N orth  
Dakota, s i t e s .
The two s i t e s  in  R ich land  County were chosen  based  on s e v e r a l  
fa c to r s :  1 .)  known s i t e  h is to r y  (r e se r v e  p i t s  a t  both s i t e s  were
tren ch ed  p r io r  t o  b u r ia l ) ,  2 . )  a c c e s s i b i l i t y  (good roads le d  to  both
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s i t e s  and th e  su r fa c e  owners were c o o p e r a t iv e ) ,  and 3 . )  g e o lo g ic  
s im i la r i t y  (both  s i t e s  were in  th e  Y ellow ston e R iver V a lle y ) .
The f iv e  s i t e s  in  McKenzie County (on th e  L i t t l e  M issou ri 
G rasslands o f  th e  C uster N a tio n a l F o r e s t)  were s e le c t e d  by F o r e st  
S e r v ic e  p e r so n n e l. Three s i t e s ,  th e  G ulf 2 -2 5 -2 c , F ly in g  J ,  and S h e ll  
3 3 -2 0 , showed ev id e n c e  o f  s a l t  seep s  and a rea s o f v e g e ta t iv e  k i l l .  
The rem ain ing s i t e s ,  th e  B lue B u tte s  and S h e ll  33-X , showed no v i s i b l e  
su r fa c e  problem s and were in c lu d e d  in  th e  stud y  in  order to  determ ine  
i f  su b su rfa ce  problem s e x i s t e d .
M onitoring W ell C on stru ctio n
The m on itor in g  w e l l s  were i n s t a l l e d  by f i r s t  d r i l l i n g  a 15 f e e t  
(4 .6  m) deep h o le  w ith  a tru ck  mounted auger r ig .  Sandies were tak en  
every  th r e e  f e e t  (0 .9  m) an d /or f i e l d  lo g s  made as th e  h o le s  were 
d r i l l e d .  Two ty p e s  o f  w e l l s  were co n stru c ted : san d p oin t w e l l s  and PVC 
w e l l s .  Sandpoint w e l l s  were c o n str u c te d  w ith  s e c t io n s  o f  1 .2 5  in ch  
(3 .1 7  cm) d iam eter g a lv a n iz e d  p ip e  cou p led  w ith  80 mesh sa n d p o in ts  
(F ig u re  1 7 ). The sa n d p o in ts  were two f e e t  (6 1 .0  cm) lo n g  w ith  a 
p e r fo r a te d  in t e r v a l  o f  1 .2 5  f e e t  (3 8 .1 0  cm) (e x c e p t fo r  one san d p oin t  
th a t  was th r e e  f e e t  (9 1 .4  cm) lo n g  w ith  a p e r fo r a te d  in t e r v a l  o f  2 .0 8  
f e e t  (6 3 .4 0  cm )). The PVC w e lls  were c o n str u c te d  o f  1 .5  in ch  (3 .8 1  
cm) d iam eter PVC p ip e  w ith  w e l l  s c r e e n s  made from s e c t io n s  o f  p ip e  
th a t  had been s l o t t e d  w ith  e i th e r  a hand or r a d ia l  saw and wrapped in  
p l a s t i c  window sc r e e n  (F igu re  1 7 ). A ll  w e l l  c a s in g  was low ered  in t o  
th e  auger h o le s  and san d p o in t w e l ls  hand pounded through ca v in g s  to  
th e  d e s ir e d  depth (T able 5 ) .  C u ttin g s  were p la c e d  around th e  p ip e s  to
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Figure 17. Monitoring well design
-43-
p rev en t su r fa c e  w ater from running in t o  th e  ground around th e  p ip e .
Table 5 . M on itorin g  w e l l  ty p e s  and d ep th s.
SP = sa n d p o in t and g a lv a n iz e d  p ip e  
PVC = PVC p ip e
W ell Type T o ta l Depth ( f t ) P er fo ra ted  ( f t )
1-1 SP 18 .63 (5 .6 8 m) 1 6 .0 5 -1 8 .1 3
1-2 SP 17.67 (5 .3 8 m) 1 5 .8 8 -1 7 .1 7
1-3 SP 21.01 (6 .4 0 m) 1 9 .2 2 -2 0 .5 1
1-4 SP 16 .80 (5 .1 2 m) 1 5 .0 1 -1 6 .3 0
1-5 SP 15.09 (4 .6 0 m) 1 3 .3 0 -1 4 .5 9
2-1 PVC 14.60 (4 .4 5 m) 1 1 .4 4 -1 4 .2 7
2-2 PVC 15.41 (4 .7 0 m) 1 1 .8 3 -1 5 .0 8
2-3 PVC 15.15 (4 .6 2 m) 1 1 .3 2 -1 4 .8 2
2 -4 PVC 14.51 (4 .4 2 m) 1 0 .8 5 -1 4 .1 8
2-5 PVC 16.17 (4 .9 3 m) 1 2 .5 9 -1 5 .8 4
2—6 SP 9 .8 5 (3 .0 0 m) 8 .0 6 -  9 .3 5
2-6A PVC 14.12 (4 .3 0 m) 1 0 .3 7 -1 3 .7 9
2-7 SP 9 .4 0 (2 .8 6 m) 7 .6 1 -  8 .9 0
2-7A PVC 13.41 (4 .0 9 m) 1 0 .0 8 -1 3 .0 8
Water Sample A n a ly s is
A ll  w ater sanqples were a n a ly zed  ky e i t h e r  th e  C hem istry Laboratory  
o f  th e  Montana Department o f  H ealth  and E nvironm ental S c ie n c e s  in  
H elena, Montana or th e  North Dakota S ta te  Department o f  H ealth  P u b lic  
H ealth  L aboratory in  B ism arck, North Dakota. Appendix F l i s t s  th e  
method o f  a n a ly s is  u sed  by both la b o r a to r ie s .  A ll  sam ples were 
an a lyzed  fo r  two or more o f  th e  fo l lo w in g  parauneters: a l k a l i n i t y ,  
b ic a r b o n a te , ca lc iu m , carb on ate , c h lo r id e , c o n d u c t iv ity ,  f lu o r id e ,  
h a rd n ess, ir o n , magnesium, m anganese, n i t r a t e ,  pH, p otassiu m , SAR, 
sodium , s u l f a t e  and TDS.
F ie ld  c o n d u c t iv ity  measurements were made w ith  e i t h e r  a YSI Model
33 S-C-T m eter or a YSI Model 131 C o n d u ctiv ity  B r id g e . Tem peratures
o
were tak en  and c o n v e r s io n s  to  v a lu e s  a t  25 C were made u s in g  th e
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g r a p h ic a l tech n iq u e  as d e sc r ib e d  in  "Standard Methods fo r  th e  
Exam ination o f  Water and W astewater" (American P u b lic  H ealth  
A ss o c ia t io n  In co rp o ra ted , and o th e r s ,  1965).
E le c t r ic a l  R e s i s t iv i t y  Surveys
S ev era l d i f f e r e n t  v a r ia t io n s  o f th e  e l e c t r i c a l  r e s i s t i v i t y  
tech n iq u e  have been u sed  fo r  groundwater in v e s t ig a t io n .  The Wenner 
fou r  probe e le c tr o d e  array  (Wenner, 1916) w ith  a Megger N u ll B alance  
S o i l  T e s te r  was u sed  in  t h i s  s tu d y . Four e q u a lly  sp aced  m eta l probes  
( e le c t r o d e s )  were d r iv en  in t o  th e  ground a lo n g  a s t r a ig h t  l in e  and th e  
ground around th e  probes m o isten ed  t o  a ssu r e  good c o n ta c t .  Current 
( I )  was p a ssed  in t o  th e  ground through th e  o u ter  (c u r r e n t)  e le c t r o d e s  
and th e  p o t e n t ia l  drop (aV) m easured a c r o ss  th e  two in n er  ( p o t e n t ia l )  
e le c tr o d e s  (F igu re  1 8 ). The apparent r e s i s t i v i t y  o f  th e  ea r th  
m a te r ia l was th en  co n fu ted  as d e sc r ib e d  by VanNostrand and Coolc 
(1 9 6 6 ):
* 2ra aV/I
where: j%.= apparent r e s i s t i v i t y  (ohm -ft or ohm-m)
a = e le c tr o d e  sp a c in g  ( f t  or m)
2t  = geom etr ic  f a c to r  fo r  th e  Wenner e le c tr o d e  array
aV/I = r e s is t a n c e  (ohms)
Two d i f f e r e n t  methods were u sed  to  in v e s t ig a t e  th e  study a reas:
e l e c t r i c a l  sound ing and h o r iz o n ta l  p r o f i l i n g  (Zoh<^ and o th e r s ,  1974).
With sou nd in g , e le c tr o d e  sp a c in g  i s  in c r e a se d  around a f ix e d  c e n tr a l
p o in t  t o  ejcplore th e  su b su rfa ce  v e r t i c a l l y .  Spacings o f  two f e e t  to
100 f e e t  ( 0 .6 - 3 0 .5  m) were used  in  t h i s  s tu d y . With h o r iz o n ta l
p r o f i l i n g ,  th e  e n t ir e  e le c tr o d e  array  i s  moved to  a d i f f e r e n t  lo c a t io n
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Figure 18. Wenner electrode configuration
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t o  e x p lo r e  fo r  l a t e r a l  changes in  r e s i s t i v i t y .  The number o f  
r e s i s t i v i t y  s t a t io n s  v a r ie d  fo r  each s i t e  in  t h i s  stud y  from a minimum 
o f  one t o  a maximum o f  32 .
Apparent r e s i s t i v i t y  v ersu s  a -sp a c in g  was graphed fo r  each  
sou nd in g . These data were a l s o  s u b je c t  t o  conputer a n a ly s is  (Zohdy 
and B is d o r f , 1975) t o  c a lc u la t e  la y e r  th ic k n e s s e s  and in te r p r e te d  
r e s i s t i v i t y  v a lu e s .
S i t e  S p e c i f i c  Methods
S i t e  One
The f iv e  m onitor w e l l s  a t  R ich land  County S i t e  One were i n s t a l l e d  
as p r e v io u s ly  d e sc r ib e d  from A ugust 12th to  September 1 s t ,  1982 
(F igu re  1 9 ) . Logs o f  th e  w e l l s  are  in  Appendix G.
F ie ld  c o n d u c t iv ity  measurements were made on scu ip les taken  from  
th e  w e l l s  and from an i r r ig a t io n  retu rn  d itc h  a d ja cen t to  th e  s i t e  on 
August 18th and 2 4 th , September 1 s t ,  4 th , and 9 th , O ctober 2 8 th , 1982
and June 3 0 th , 1983. F ie ld  c o n d u c t iv ity  measurements were a l s o  made 
on f i v e  d om estic  w e ll  sam ples (fo u r  in  SE^ NE^ S e c .15, T .2 3 N ., R.59E.
and one in  NE^ S ec. 15, T .2 3 N ., R .59E .) tak en  on O ctober 2 8 th , 1983 
(F igu re 20 and T able 6 ) .  One d om estic  w e ll  sam ple from each  
q u a r te r -q u a r te r  s e c t io n  was t e s t e d  a g a in  fo r  c o n d u c t iv ity  on June 
30 th , 1983. Samples c o l l e c t e d  from S i t e  One in  August and September
1982 were a n a ly zed  fo r  a l k a l i n i t y ,  b ica r b o n a te , ca lc iu m , carb on ate , 
c h lo r id e ,  c o n d u c t iv ity ,  h a rd n ess, magnesium, pH, p o tassiu m , SAR, 
sodium , s u l f a t e ,  and TDS. D om estic w e l l  sam ples taken  in  O ctober 1982 
were a n a ly zed  fo r  c h lo r id e .  S i t e  sam ples c o l l e c t e d  in  O ctober 1982,
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Figure 19. Placement of monitoring wells, resistivity stations, 
and irrigation ditch sampling points at Study Site One
—48—
M
O
/9 ^ /yL A T E R A L
/9) E L E V A T E D
m
m]
200
0
h
Imi
□  S ite  One Cil Well 
O  D om estic  W ater Well 
H= Holvorson well 
As A sh c ra ft well 
S= S ch m id t well 
M= M euler well 
K= Kling w ell
4
1.6 km
K
Figure 20. Site One domestic well sample locations.
-49-
January, February, March, A p r il ,  and June 1983 were a n a ly zed  fo r  
c h lo r id e  and s u l f a t e .  These two param eters were chosen  a s  minimum 
requ irem ents to  d e te c t  th e  p resen ce  o f  d r i l l i n g  f l u i d s .  The 
c o n c e n tr a tio n  o f  c h lo r id e  in  d r i l l i n g  muds and produced b r in e s  i s  
h ig h er  than in  th e  n a t iv e  groundwater. S u lfa te  was chosen  to  
d is t in g u is h  o i l  f i e l d  s a l t s  from s a l t s  o ccu rr in g  in  s a l in e  seep s  which  
are c h a r a c te r iz e d  by h igh  s u l f a t e  (Harlow, 1974).
T able 6 . L o ca tio n s  and depths o f  d om estic  w e l l s  sam pled.
D om estic W ell L oca tion  D e p th (ft)
H alvorson m h H E h  23 ( 7 . 0  m)
A sh cra ft SE^ NE^ 20 (6 . 1  m)
Schmidt SE^ NE^ 26 ( 7 . 9  m)
Meuler SE  ̂ NE3% 23 ( 7 . 0  m)
K lin g  SEJjjNEJ  ̂ 19 ( 5 . 8  m)
Samples were taken  by th e  author in  August and September 1982 and 
in  A p r il and June 1983. January, February, and March 1983 sam ples  
were tak en  by S id n ey , Montana S o i l  C on servation  S e r v ic e  (SCS) 
p e r so n n e l. The same sam pling procedure was fo llo w ed : w e l l s  were
b a ile d  to  remove approxim ately  one c a s in g  volume and a llo w e d  to  
rec o v er  fo r  a t  l e a s t  15 m inutes b e fo r e  a sample was removed and poured  
d ir e c t ly  from th e  b a i le r  in t o  a one quart ( 0 . 9 5  l i t e r )  p l a s t i c  
c o n ta in e r . D itch  and p i t  sam ples were grabbed by hand. D om estic  
sam ples were o b ta in ed  from e i t h e r  th e  k itc h e n  fa u c e t  or an o u ts id e  
s p ig o t  a f t e r  l e t t i n g  th e  w ater run fo r  30 se c o n d s . The sam ples were 
then  boxed and sh ip p ed  t o  th e  la b o ra to ry  v ia  U n ited  P a r c e l S e r v ic e  or 
p a r c e l  p o s t .
The recommended h o ld in g  tim e s  (sev en  days fo r  c h lo r id e  and s u l f a t e
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(U.S.  E nvironm ental P r o te c t io n  Agency» 1979) )  were exceed ed  fo r  a l l  
but th e  f i r s t  two and l a s t  months o f  sa n ^ lin g . Seunples were s to r e d ,  
u n r e fr ig e r a te d , a t  a tem perature o f  40-45°F  ( 4 . 4 - 7 . 2 ° C )  fo r  up t o  
th r e e  months b e fo r e  b e in g  sh ip p ed  t o  th e  la b o r a to r y . The lack  o f  
fu n d in g  fo r  im m ediate ch em ica l a n a ly s is  was th e  p r in c ip a l  reason  fo r  
e x ce ed in g  th e  h o ld in g  t im e . No s i g n i f i c a n t  in te r fe r e n c e  w ith  c h lo r id e  
or s u l f a t e  a n a ly s is  was ex p ected  due to  t h i s  d e la y  (Juday, 1983, o r a l  
commun. ) .
Head measurements were taken  a t  th e  tim e o f  m o n ito r in g  w e l l  
sam pling . T h is was done ly  lo w er in g  a w eig h ted  m eta l or c lo th  tap e  
in t o  th e  w e ll  u n t i l  th e  w eig h t came in to  c o n ta c t  w ith  th e  w ater  
su r fa c e . A ll  measurements were made from th e  top  o f  th e  p ip e  and th e  
e le v a t io n  o f  th e  p ip e  above ground su b tr a c te d  t o  determ ine th e  w ater  
l e v e l .  The e le v a t io n s  u sed  were o b ta in ed  from a survey  o f  th e  w e ll s  
p rov id ed  by S idney SCS p e rso n n e l on September 3rd , 1982.
The d ir e c t io n  o f  groundwater flow  was determ ined  by f i r s t  
c o n s tr u c t in g  a contour map o f  eq u a l p o t e n t ia l  v a lu e s  o b ta in ed  from  
head measurement d a ta . Knowing th a t  groundwater f lo w s  in  th e  
d ir e c t io n  o f  d e c r e a s in g  w ater l e v e l  e le v a t io n  and assum ing a 
homogeneous, i s o t r o p ic  a q u ife r , flow  d ir e c t io n  was determ ined  by 
c o n s tr u c t in g  flow  l i n e s  a t  r i ^ t  a n g le s  to  e q u ip o te n t ia l  l i n e s  
(F e t t e r ,  1980) .
The average l in e a r  v e l o c i t y  fo r  groundwater a t  t h i s  s i t e  was 
c a lc u la t e d  u s in g  th e  f o l lo w in g  eq u a tio n  from F reeze  and Cherry (1979) :
-K dh 
V = n dl
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w here:
V = average groundwater v e lo c i t y  
K = h y d r a u lic  c o n d u c t iv ity  
d h /d l = h y r a u lic  g ra d ie n t  
n = p o r o s ity
The h y d r a u lic  c o n d u c t iv ity  was e s t im a te d  t o  be 285 f e e t  p er day (0 .1  
cm /s) b ased  on s i t e  w e ll  lo g s  and ran ges o f  h y d r a u lic  c o n d u c t iv ity  
v a lu e s  (1 -  1 X 10“  ̂ cm /s) p r e se n te d  in  F reeze  and Cherry ( 1979) .  The 
p o r o s ity  o f  a q u ife r  m a te r ia l was e s t im a te d  to  be 30%, a ga in  from  
exam ination  o f  w e l l  c u t t in g s  and v a lu e s  found in  F reeze  and C herry. 
The h y d r a u lic  g ra d ie n t was e s t a b l is h e d  from m on itor in g  w e l l  head data  
fo r  each month. An average o f  th e  monthly c a lc u la te d  groundwater 
v e l o c i t i e s  was then  made.
R e s i s t iv i t y  su rv ey s were c a r r ie d  o u t a t  t h i s  s i t e  J u ly  5 th  through  
9 th , 1983. Readings were taken  a t  32 s t a t io n s  a t  f i v e  fo o t  a -s p a c in g
in t e r v a l s  from f i v e  t o  40 f e e t  ( 1 . 5  t o  12.2 m) (F igu re  19) .  E le c tro d e
a rrays a t  a l l  s t a t io n s  were o r ie n te d  in  a n o r th -so u th  d ir e c t io n .
S i t e  Two
The sev en  m onitor w e l l s  a t  R ich land  County S i t e  Two were in s t a l l e d  
on A ugust 12th (w e lls  1-5)  and September 2nd, 1982 (w e lls  6 and 7 ) .  
Appendix G c o n ta in s  th e  w e l l  lo g s  fo r  t h i s  s i t e .  The w e l l s  were 
removed a t  th e  end o f  Septem ber fo r  th e  area  to  be p low ed, bu t 
r e i n s t a l l e d  on November 2 8 th , 1982. When th e  w e l l s  were put in  th e  
secon d  t im e , a l l  were PVC p ip e  w e lls  and w e ll  6 was moved t o  a 
d i f f e r e n t  p o s i t io n  and d e s ig n a te d  w e l l  6A (F igu re 21 ) .  The w e l ls  were
removed a g a in  in  A p r il 1983 fo r  th e  area  t o  be farm ed.
F ie ld  c o n d u c t iv ity  measurements o f  w ater sam ples were made on
A ugust 18th and 24th  and September 1 s t  and 7 th , 1982.
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Figure 21. Placement of monitoring wells and resistivity 
stations at Study Site Two,
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Groundwater sam ples were tak en  from th e  w e lls  and head  
measurements made in  August and Septem ber 1982 and January, February, 
March, and A p r il 1983. Sam pling and measurement p roced u res were th e  
same as  fo r  S i t e  One. August and Septem ber sam ples were a n a ly zed  fo r  
a l k a l i n i t y ,  b ica r b o n a te , ca lc iu m , ca rb o n a te , c h lo r id e , c o n d u c t iv ity ,  
h ard n ess, magnesium, pH, p o tassiu m , sodium , SAR, s u l f a t e ,  and TDS. 
January through A p r il  sam ples were a n a ly zed  fo r  c h lo r id e  and s u l f a t e .
Groundwater flow  p a th s and average l in e a r  v e lo c i t y  were determ ined  
as fo r  S i t e  One. A p o r o s ity  o f .30  and a h y d r a u lic  c o n d u c t iv ity  
v a lu e  o f  2 8 . 5  f e e t  p er  day (0 . 01  cm /s) were used  to  c a lc u la t e  
groundwater v e lo c i t y  (F reeze  and C herry, 1979) .
On A p r il 5 th , 1983, 13 r e s i s t i v i t y  soundings were made a t  s t a t io n s  
around th e  lo c a t io n  (F igu re  2 1 ) .  A lthough th ere  were s l i g h t  
v a r ia t io n s  in  th e  number o f read in gs a t  each s t a t io n ,  th e  m a jo r ity  o f  
rea d in g s were made a t  a -sp a c in g s  o f  2 , 4 , 6 , 7 , 8 , 9 , 1 0 , 1 1 , 1 2 , 1 5 , 2 0 ,  and 25 
f e e t  ( 0 . 6  t o  7 . 6  m).  E le c tro d e  a rra y s a t  a l l  s t a t io n s  were o r ie n te d  
in  an e a s t -w e s t  d ir e c t io n .
S i t e  Three
Four r e s i s t i v i t y  su rv ey s  were made a t  th e  McKenzie County G ulf 
2 - 2 5 - 2 C  s i t e ;  th r e e  on th e  lo c a t io n  pad and one sou th  o f  th e  lo c a t io n  
(F igu re  2 2 ) .  A ll  su rvey  l i n e s  were o r ie n te d  n o r th -so u th . Readings 
were tak en  a t  two fo o t  a -sp a c in g  in t e r v a l s  t o  40 or 50 f e e t  and an 
a d d it io n a l  rea d in g  ta k en  a t  5 5  f e e t  ( 0 . 6  t o  16.8 m) . One w ater sam ple 
was tak en  from a m o n ito r in g  w e l l  d r i l l e d  by F o r e st  S e r v ic e  p erso n n e l 
on May 9 th  and 10th , 1983. The w ater sam ple was o b ta in ed  by a t ta c h in g
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Figure 22. Sketch of Study Site Three, the Gulf 2-25-2c 
(adapted from Hicks, 1983b). Topography of 
location is shown in Figure 11.
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a sm a ll cup to  th e  end o f  a m eta l ta p e  and lo w er in g  i t  in to  th e  w e l l .  
Not enough sam ple was c o l l e c t e d  fo r  ch em ica l a n a ly s i s ,  b u t a "Quantab" 
(Appendix H) rea d in g  fo r  th e  sa n g le  was tak en .
S i t e  Four
Three r e s i s t i v i t y  su rveys were made a t  th e  McKenzie County S h e ll  
33-20 s i t e ;  two on th e  lo c a t io n  pad and one j u s t  e a s t  o f  th e  lo c a t io n .  
The su rvey  on th e  sou th  s id e  o f  th e  pad and th e  one o f f  lo c a t io n  ran 
e a s t -w e s t  w h ile  th e  th ir d  was o r ie n te d  n o r th -so u th . Readings were 
taken  a t  f i v e  fo o t  in t e r v a ls  t o  100 f e e t  ( 1 . 5  t o  30 . 5  m) (F igu re  23 ) .  
Two w ater s a n g le s  were ta k en , one from a catchm ent area downslope o f  
th e  lo c a t io n  and one from th e  flo w  o u t o f  t h i s  catchm ent area  (cau gh t  
in  a p l a s t i c  sa n g le  b o t t l e  a f t e r  f lo w in g  through a m eta l p i p e ) .  These 
sa n g le s  were hand grabbed in  one qu art ( 0 . 9 5  l i t e r )  p l a s t i c  c o n ta in e r s  
and s e n t  to  th e  North Dakota la b o ra to ry  fo r  a n a ly s is  o f  b ica r b o n a te , 
ca lc iu m , carb o n a te , c h lo r id e ,  c o n d u c t iv ity ,  f lu o r id e ,  ir o n , magnesium, 
manganese, n i t r a t e ,  pH, p o tassiu m , sodium , and s u l f a t e .  F ie ld  
c o n d u c t iv ity  read in gs were determ ined  u s in g  a YSI Model 131 
C o n d u ctiv ity  B rid ge .
S i t e  F iv e
Three r e s i s t i v i t y  su rv ey s were made a t  th e  McKenzie County F ly in g  
J s i t e ;  one on th e  sou th  s id e  o f  th e  lo c a t io n ,  one in  a k i l l  area  
downslope o f  lo c a t io n  t o  th e  so u th , and one fu r th e r  sou th  o f  th e  k i l l  
a rea . A l l  su rv ey s were run in  an e a s t -w e s t  d ir e c t io n .  Readings were 
tak en  a t  f i v e  fo o t  a -sp a c in g  in t e r v a l s  t o  100 f e e t  ( 1 . 5  t o  30 . 5  m) 
(F igu re  2 4 ) .
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Figure 23. Sketch of Study Site Four, the Shell 33-20
(adapted from U.S. Forest Service Custer National 
Forest, 1983). Topography of location is shown 
in Figure 13.
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Figure 24. Schematic of Study Site Five, the Flying J.
(adapted from U.S. Forest Service Custer National 
Forest, 1983) . Topography of the location is 
shown in Figure 14.
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S it e  S ix
One r e s i s t i v i t y  survey  was made a t  th e  McKenzie County S h e l l  34X-6 
lo c a t io n .  The su rvey  was o r ie n te d  e a s t -w e s t  and rea d in g s  taken  a t  two 
fo o t  a -sp a c in g  in t e r v a l s  t o  50 f e e t  and f i v e  fo o t  in t e r v a l s  to  100 
f e e t  ( 0 . 6  t o  30 . 5  m) (F igu re 2 5 ) .
S i t e  Seven
Three r e s i s t i v i t y  su rv ey s were made a t  th e  McKenzie County B lue
B u ttes  s i t e .  The su rv ey s were o r ie n te d  e a s t -w e s t  and read in gs were
made a t  f i v e  fo o t  in t e r v a l s  t o  50 f e e t  and a t  10 fo o t  in t e r v a ls  t o  100
f e e t  ( 1 . 5  t o  30 . 5  m) (F igu re  2 6 ) .
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Figure 25. Sketch of Study Site Six, the Shell 34X-6
(adapted from U.S. Forest Service Custer National 
Forest, 1983). Topography of location shown in 
Figure 15.
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Figure 26. Sketch of Study Site Seven, the Blue Buttes 
(adapted from Hicks, 1983a). Topography of 
the location shown in Figure 16.
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Chapter IV 
RESULTS OF FIELD INVESTIGATIONS
R ichland County , Montana
S i t e  One
Water l e v e l s  in  m o n ito r in g  w e l l s  were measured m onthly from August 
to  O ctober 1982 and January to  A p r il and June 1983.  The w ater ta b le  
ranged in  depth from a maximum d is ta n c e  o f  11.32 f e e t  below la n d 's  
su r fa c e  t o  a minimum depth o f  7 . 28  f e e t  ( 3 . 4 5  t o  2 . 22  m) . The w ater  
l e v e l s  in  a l l  w e l l s  d ecrea sed  from August or September 1982 t o  a low 
p o in t  in  February or March 1983. Water l e v e l s  r o se  a g a in  s l i g h t l y  
u n t i l  A p r il and in c r e a se d  d ra m a tic a lly  from A p r il t o  June 1983.  
F igure 27 shows th e s e  tren d s  v ersu s  monthly p r e c ip i t a t io n  fo r  w e l l  2 
which i s  p r e se n te d  a s  r e p r e s e n ta t iv e  o f  th e  o th er  S i t e  One w e l l s .  
Appendix I  c o n ta in s  t a b le s  o f  head data fo r  a l l  S i t e  One w e l l s .
F ig u res  28 shows r e p r e s e n ta t iv e  s e t s  o f  e q u ip o te n t ia l  and flow  
l i n e s  fo r  t h i s  s i t e .  Flow a t  S i t e  One i s  g e n e r a lly  t o  th e  n orth . The 
average v e lo c i t y  o f  th e  groundwater f l o w ,  as determ ined  u s in g  th e
l in e a r  v e lo c i t y  eq u a tio n  (F reeze  and C herry, 1979) i s  1 . 76  f e e t  per
day (6 . 21  X 10  ̂ c m / s ) .
August and September 1982 w ater s a u r ie s  from w e ll  3 and th e  
September sa n g le s  from w e l l  5 (F ig u re  29) c o n ta in ed  e le v a te d  ca lc iu m , 
c h lo r id e ,  c o n d u c t iv ity ,  h a rd n ess, magnesium, p o tassiu m , sodium , sodium  
a d so rp tio n  r a t io  (SAR), and t o t a l  d is s o lv e d  s o l id s  (TDS). C h lorid e
l e v e l s  fo r  a l l  sam pling  months ranged from 161.0 t o  600 . 0  mg/1 in
sam ples from w e lls  3 and 5 , conpared t o  a background o f  15.0 t o  44 . 0
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Figure 27. Monthly precipitation totals and head data for 
well 2, Site One.
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Figure 28. Site One representative groundwater flow paths.
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and June 1983 
B = September 1982 and January and March 1983
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mg/1 fo r  o th er  m on ito r in g  w e l l s  and 11.5 t o  25 . 0  mg/1 fo r  dom estic  
w e l l s .  T able 7 shows th e  c h lo r id e  c o n c e n tr a tio n s  fo r  th e  study  
p e r io d . Complete w ater ch em istry  data  fo r  S i t e  One are in  Appendix J .
Table 7. Chloride concentrations of samples from Study Site One (concentrations
are in mg/1) 
Sample Aug 82
.*
Sept 82 Oct 82 Jan 83 Feb 83 Mar 83 Ap 83 Jun 83
well 1 14.5 29.0 33.5 27.8 19.1 20.7 106.0 25.0
well 2 13.5 14.8 15.0 15.7 16.5 17.6 18.7 16.0
well 3 368.0 200.0 560.0 600.0 600.0 321.0 220.0 150.0
well 4 14.6 14.5 18.7 22.8 26.0 26.3 28.6 44.0
well 5 - 450.0 445.0 264.0 192.0' 161.0 214.0 395.0
ditch abv. 17.0 17.5 66.0 - - - 20.2 21.0
ditch blw. 17.5 17.5 62.0 - - - 20.2 23.0
further blw - - - - - 20.4 22.0
Halvorson - - 25.0 - - - - -
Ashcraft - - 14.4 - - - - -
Schmidt - - 11.5 - - - - -
Meuler - - 16.9 - - - - -
Kling - - 13.6 - - - - -
•June 1983 samples were analyzed by the North Dakota State Public Health Laboratory
all other samples were analyzed by the Montana State Department of Health Laborat(
F ie ld  c o n d u c t iv ity  rea d in g s  fo r  s a r n ie s  are  shown in  T ab le 8 . 
These rea d in g s show background f lu c t u a t io n s  in  c o n d u c t iv ity ,  and 
a g a in , v a lu e s  from s a n g le s  tak en  from w e l l s  3 and 5 were co n sp icu o u sly  
h ig h er  than  th e  r e s t  o f  th e  re a d in g s .
Table 8. Field conductivity readings for Study Site One Samples (all readings are in 
umhos/cm at 25*0 .*
Sample 18 Aug 82 24 Aug 82 1 Sept 82 4 Sept 82 9 Sept 132 28 Oct 82 30 Jun
well 1 1125 1153 987 1128 1543 1231 1213
well 2 - 1069 929 1052 1243 1108 1100
well 3 - 2219 1790 1862 1854 2675 1522
well 4 - 1113 929 1091 1310 1133 1294
well 5 - - - 2085 3382 2339 2353
ditch abv. 801 951 843 894 1125 862 786
ditch blw. 808 1014 810 875 1125 933 779
Halvorson - - - - - 1354 14 26
Ashcraft - - - - - 1024 942
Schmidt - - ~ - - 1008 -
Meuler - - - - - 1070 -
Kling - - - - - 985 -
•June 1983 readings were taken using a  YSI Model 131 Conductivity Bridge, a l l other
83
readings were taken using a YSI Model 33 S-C-T Meter.
A lthough th e r e  was a w ide range o f  apparent r e s i s t i v i t y  v a lu e s .
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graphs o f  apparent r e s i s t i v i t y  v ersu s  a -sp a c in g  showed a d i s t i n c t  
s e p a r a tio n  around 200 o h m -feet ( 61 . 0  ohm-m) a t  a l l  survey d ep th s. S ix  
o f th e  32 e l e c t r i c a l  r e s i s t i v i t y  soundings conducted  a t  t h i s  s i t e  
showed v a lu e s  l e s s  than 200 o h m -feet fo r  th e  e n t ir e  survey  (F igu re  
29) .  Two r e p r e s e n ta t iv e  graphs o f apparent r e s i s t i v i t y  v ersu s  
a -s p a c in g , one o f  th e  s i x  low soundings and one background sound ing , 
are shown in  F ig u re  3 0 . A lso  in  t h i s  f ig u r e  i s  th e  computed la y e r in g  
and in te r p r e te d  r e s i s t i v i t y  from th e  Zohdy and B isd o r f (1975) a n a ly s is  
fo r  th e  background sounding; none accom panies th e  low graph b ecau se  
th e  s lo p e  o f  th e  sound ing  curve ex ceed s 45 d e g r e e s , making computer 
in t e r p r e ta t io n  im p o ss ib le . T ab les o f  sounding data  fo r  a l l  s t a t io n s  
are in  Appendix K. I s o r e s i s t i v i t y  maps made from sounding data  fo r  
th e  10, 2 0 , 3 0 , and 40 f e e t  a -sp a c in g s  ( 3 . 0  -  12.2 m) a re  p r e se n te d  in  
F ig u res  31 through 34 .
S i t e  Two
A ll  th e  w e ll s  a t  t h i s  s i t e  showed a d ecrea se  in  w ater  l e v e l  from  
January to  A p r il 1983.  T his tr e n d  fo r  w e l l  6A i s  shown in  F igu re  35 . 
The w ater t a b le  ranged from 7 .8  t o  10.3 f e e t  ( 2 . 4  -  3.1 m) below  
la n d 's  su r fa c e  fo r  th e  study p e r io d .
F igure 36 shows r e p r e s e n ta t iv e  flow  l i n e s  fo r  th e  s i t e .  The 
groundwater f lo w s  in  a s o u th e a s te r ly  d ir e c t io n  toward th e  Y ellow ston e  
R iv er . The average v e l o c i t y  o f  th e  groundwater i s  0 . 14  f e e t  p er day 
( 4 . 9 4  X 10”  ̂ c m/ s ) .
August and September 1982 w ater sam ples from w e l l  1 showed l e v e l s
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Figure 30. Two representative sounding curves for Site One
(Stations 21 and 11). Computer interpreted layering 
is shown for Station 11, but could not be calculated 
for Station 21.
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Figure 31, Apparent isoresistivity map of 10 feet (3.0 m)
a-spacing interval for Study Site One (for
legend see Figure 29).
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Figure 32. Apparent isoresistivity map of 20 feet (6.1 m)
a-spacing interval for Study Site One (for
legend see Figure 29).
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Figure 33. Apparent isoresistivity map of 30 feet (9.1 m)
a-spacing interval for Study Site One (for
legend see Figure 29) .
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Figure 34. Apparent isoresistivity map of 40 feet (12.2 m)
a-spacing interval for Study Site One (for
legend see Figure 29).
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Figure 35. Monthly precipitation totals and head data for 
well 6A, Site Two.
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Figure 36. Site Two representative groundwater flow path for 
April through June 1983.
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o f  ca lc iu m , c h lo r id e ,  c o n d u c t iv ity ,  h a rd n ess, sodium , SAR, and TDS 
s l i ^ t l y  g r e a te r  than th o se  o f  background w e l l s .  C alcium , c h lo r id e ,  
c o n d u c t iv ity ,  h ard n ess, magensium, p o tassiu m , sodium, SAR, and TDS 
l e v e l s  in  A ugust 1982 w e l l  6 and 7 sam ples were much g r e a te r  than  
background l e v e l s .  The c o n c e n tr a tio n  o f  c h lo r id e  io n s  in  th e s e  
scunples showed th e  h ig h e s t  in c r e a s e s  over background l e v e l s  (T able 9 ) .  
Background c h lo r id e  c o n c e n tr a t io n s  ranged from 19.0  t o  4 5 .5  mg/1 w h ile  
e le v a te d  l e v e l s  ranged from 107.0 t o  17,750  m g/1.
Table 9 . C h lorid e c o n c e n tr a t io n s  from m on itor in g  w e ll  sam ples a t
W ell
Study 
Aug 82
S i t e  Two 
Sept 82
( in  m g/1) .  * 
Jan 83 Feb 83 Mar 83 èR 83
1 238 .0 112.0 200 .0 107.0 110.0 187.0
2 3 7 .0 2 3 .8 2 9 .5 2 8 .2 2 7 .6 3 0 .4
3 19.0 2 1 .7 2 4 .0 22.1 2 2 .5 2 4 .5
4 2 7 .5 2 4 .8 30 .0 2 9 .8 33 .4 35 .0
5 31 .0 2 6 .2 2 7 .4 2 9 .0 3 0 .0 4 5 .6
6 — ——— 4 ,7 0 0 . — — — — — — — — —
6A — — — — 4 ,0 0 0 . 3 ,7 6 0 . 6 ,2 0 0 . 8 ,1 4 0 .
7 — — 17 ,7 5 0 . — — — —— — — — ——
7A —— — —— 3 ,3 0 0 . 3 ,2 0 0 . 3 ,3 8 0 . 3 ,2 9 0 .
*W ell s a n g le s  taken  in  August and Septem ber were from o r ig in a l  PVC and 
san d p o in t w e l l s ,  l a t e r  sa n p le s  were from r e i n s t a l l e d  PVC w e l l s .  A ll  
a n a ly se s  were done by th e  Montana S ta te  Department o f  H ealth  
L ab oratory .
Complete w ater ch em istry  data  fo r  a l l  S i t e  Two w e l l  sam ples are in  
Appendix J .
F ie ld  c o n d u c t iv ity  rea d in g s  fo r  w e l l  scunples are shown in  T able  
10. These rea d in g s show background f lu c tu a t io n s  in  c o n d u c t iv ity  
v a lu e s ,  th e  h ig h er  rea d in g s  o f  sa n g le s  from w e l l s  1 , 6 , and 7 r e f l e c t  
th e  h ig h e r  t o t a l  io n ic  c o n c e n tr a t io n s  o f  th e s e  sam ples.
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Table 10. Field conductivity readings for Site Two samples (all
W ell 18 ^  82
1 1588
2 1528
3 1238
4 1409
5 1569
7 --------
! in  umhos/cm a t  25° C ).*
24 Aug 82 1 Sept 82 7 Sept 82
2285 2081 2073
1853 1746 1905
1555 1467 1716
1709 1578 1832
1709 1637 1952
— — 15,450 14,806
57 ,833 27 ,909
* A ll rea d in g s  were tak en  w ith  a YSI Model 33 S-C-T M eter.
Two s t a t io n s ,  4 and 9 (F ig u re  3 7 ) ,  showed abnorm ally low apparent
r e s i s t v i t y  rea d in g s  a t  a l l  sounding d ep th s. A graph o f  apparent 
r e s i s t i v i t y  v ersu s  a -s p a c in g  fo r  s t a t io n  4 and a background s t a t io n  
fo r  th e  s i t e  appear in  F igu re  3 8 . T ab les o f  a l l  sound ing data and
CO n eu ter  in te r p r e ta t io n s  are in  Appendix K. F igure 39 and 40 show
i s o r e s i t i v i t y  maps drawn from apparent r e s i s t i v i t y  data  fo r  th e  10 and 
20 f e e t  (3 .0  and 6 .1  m) a -sp a c in g s  a t  S i t e  Two.
McKenzie County, North Dakota
S i t e  Three
Graphs o f  apparent r e s i s t i v i t y  v ersu s  a -s p a c in g  fo r  th e  fo u r  
r e s i s t i v i t y  soundings made a t  th e  G ulf 2 -2 5 -2 c  s i t e  are  shown in  
F ig u res 41 and 42 (Appendix K c o n ta in s  t a b le s  o f  r e s i s t i v i t y  d a ta ) .  
Computer in te r p r e te d  r e s i s t i v i t y  and la y e r in g  i s  shown b e s id e  a l l  
graphs which have sound ing  curve s lo p e s  l e s s  than  45 d e g r e e s . The 
major d if f e r e n c e s  betw een apparent r e s i s t i v i t y  cu rves fo r  soundings on 
th e  s i t e  and soundings o f f  th e  s i t e  occu r a t  th e  su r fa c e . The 
apparent r e s i s t i v i t y  v a lu e s  fo r  sh a llo w  sounding depths are much low er
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Figure 37. Site Two resistivity stations showing low readings 
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Figure 38. Two representative soundings curves for Site Two
(Stations 3 and 4). Computer interpreted layering 
is shown for Station 3, but could not be calculated 
for Station 4.
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Figure 39. Apparent isoresistivity map of 10 feet (3-0 m)
a-spacing interval for Study Site Two (for
legend see Figure 37).
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Figure 40. Apparent isoresistivity map of 20 feet (6.1 m)
a-spacing interval for Study Site Two (for
legend see Figure 37).
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fo r  th e  s t a t io n s  on th e  lo c a t io n  than  fo r  th e  s t a t io n  o f f  th e  
lo c a t io n .
The w ater sam ple tak en  from th e  F o r e s t  S e r v ic e  w e l l  exceed ed  th e  
s c a le  o f  th e  Quantab C h lo r id e  T itr a to r  u sed  t o  t e s t  th e  sam ple. The 
h ig h e s t  v a lu e  on th e  t i t r a t o r  i s  e q u iv a le n t  t o  4220 mg/1 c h lo r id e  
(Appendix H ).
S i t e  Four
R e su lts  o f  th e  th r e e  r e s i s t i v i t y  su rv ey s c a r r ie d  ou t a t  th e  S h e l l  
33-20 lo c a t io n  a re  p r e se n te d  in  F igu re 4 3 . A djacent to  th e  graphs are  
th e  computer in te r p r e te d  la y e r in g  and r e s i s t i v i t y .  A gain, th e  main 
d if f e r e n c e s  in  th e  cu rv es appear a t  th e  su r fa c e ;  apparent r e s i s t i v i t y  
v a lu e s  fo r  sh a llo w  depths on th e  lo c a t io n  are low er than th o se  o f f  th e  
lo c a t io n .
The w ater sam ple tak en  from th e  catchm ent area  had a f i e l d  
c o n d u c t iv ity  o f  24 ,231  umhos/cm; th e  seep  sam ple, 3 1 ,500  umhos/cm  
(both  a t  2 5 °C ). T able 11 c o n ta in s  th e  la b o ra to ry  r e s u l t s  fo r  th e  two 
sam ples.
S i t e s  F iv e  through Seven
F ig u res  44 through 46 p r e s e n t  th e  graphs o f  c a lc u la te d  apparent 
r e s i s t i v i t y  v e r su s  a -sp a c in g  and computer in te r p r e te d  la y e r in g  fo r  th e  
sound ings tak en  a t  a l l  s t a t io n s  fo r  th e  F ly in g  J ,  S h e l l  34X-6, and 
B lue B u tte s  s i t e s .  There i s  l i t t l e  d if f e r e n c e  betw een th e  graphs fo r  
th e  B lu e B u tte s  s i t e ,  but th e  F ly in g  J graphs show c o n s id e r a b le  
d if f e r e n c e s  in  apparent r e s i s t i v i t y  o f  su r fa c e  la y e r s ,  w ith  v a lu e s  fo r  
su r fa c e  la y e r s  b e in g  much h ig h er  o f f  th e  lo c a t io n  or ou t o f  th e  se e p .
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Figure 43. Sounding curves for resistivity stations at
Site Four (Stations 1 and 2) and control area 
(Station 3), Computer interpreted layering 
is shown for Stations 1 and 3.
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T able 11 . C hem ical a n a ly se s  o f  w ater sa n g le s  o b ta in ed  from th e  
catchm ent area and seep  on th e  S h e l l  33-20 s i t e . *
Param eter P i t Seep U n its
A lk a l in i ty 36. 133. mg/1
B icarb on ate 44 . 163. mg/1
Calcium 1300 1840 mg/1
C arbonate 0 0 mg/1
C hlorid e 11,000 16,500 mg/1
F lu o r id e 0 .3 0 .4 mg/1
T o ta l Hardness 6340 9000 mg/1
Iron 0 .4 9 4 .2 7 mg/1
Magnesium 760 1070 mg/1
Manganese 1 .05 0 .7 7 mg/1
pH 6 .8 7 .4 ——
P otassiu m 8 8 .0 136. mg/1
Sodium 5060 6660 mg/1
P ercen t Sodium 6 3 .2 6 1 .6 %
S u lfa te 1220 1990 mg/1
TDS 19,500 28 ,300 mg/1
T u rb id ity 4 .0 0 300. NTU
SAR 2 7 .5 3 0 .5 —
C o n d u ctiv ity 27 ,930 36 ,850 umhos/cm
N itr a te 3 .0 5 3.01 mg/1
*A nalyses were perform ed by th e  North Dakota P u b lic  H ealth  La]
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F igu re  44 . Sounding cu rves fo r  r e s i s t i v i t y  s t a t io n s  on
S i t e  F iv e  (S ta t io n  1 ) ,  in  th e  seep  (S ta t io n  2 ) ,  
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CHAPTER V 
DISCUSSION OF RESULTS
Groundwater q u a l i ty  and e l e c t r i c a l  r e s i s t i v i t y  data  were c o l l e c t e d  
in  two d i s t i n c t  g e o lo g ic  s e t t in g s  fo r  t h i s  s tu d y . The d is c u s s io n  o f  
th e  r e s u l t s  w i l l  th e r e fo r e  be in  two p a r t s ,  f i r s t  fo r  th e  Y ello w sto n e  
R iver V a lle y  s i t e s  in  R ich lan d  County, Montana and th en  fo r  th e  s i t e s  
in  McKenzie County, North Dakota. For both  stud y  a r e a s ,  
in t e r p r e t a t io n  o f  e l e c t r i c a l  r e s i s t i v i t y  r e s u l t s  fo llo w  th e  d is c u s s io n  
o f  s i t e  w ater q u a l i t y  d ata  and h y d rogeo logy . The f i n a l  p a r t o f  t h i s  
ch ap ter  w i l l  in t e g r a te  th e  r e s u l t s  and d is c u s s io n  o f  both g e o lo g ic  
a r e a s .
R ich land  County, Montana
Water Q u a lity
E le v a ted  l e v e l s  o f  many d is s o lv e d  io n s  were found in  groundwater 
scunples tak en  from two w e lls  (3 and 5) a t  Study S i t e  One and f i v e  
w e ll s  a t  Study S i t e  Two (1 ,  6 , 6A, 7 and 7A ). C h lorid e c o n c e n tr a tio n s  
were p a r t ic u la r ly  h igh  in  a f f e c t e d  w e l l s ,  ex ce ed in g  background  
c o n c e n tr a t io n s  o f  13 t o  45 mg/1 by as much as  an order o f  m agnitude. 
These e le v a te d  l e v e l s  correspon d  to  th e  h ig^  l e v e l s  o f  s im ila r  
c o n s t i t u e n t s  found in  th e  sa n g le  o f  r e se r v e  p i t  f l u i d  sam ples tak en  a t  
S i t e  One. T able 12 shows sa n g le  a n a ly se s  from one background w e l l ,  
one a f f e c t e d  w e l l ,  and th e  r e se r v e  p i t  a t  t h i s  s i t e .  E lev a ted  f i e l d  
c o n d u c t iv ity  v a lu e s  fo r  S i t e  One w e l l s  3 and 5 and S i t e  Two w e l l s  1, 
6 , and 7 a l s o  in d ic a t e  a sou rce  o f  d is s o lv e d  io n s  near or u p grad ien t
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from th e  a f f e c t e d  w e l ls  (See T ab les 8 and 1 0 ). The p o s s i b i l i t y  o f  
th e s e  s a l t  l e v e l s  b e in g  cau sed  by s a l in e  seep  i s  u n lik e ly  due to  th e  
low s u l f a t e  c o n c e n tr a t io n s  o f  w e ll  sam p les. In seep  a r e a s , w ater i s  
t y p ic a l ly  a sodium s u l f a t e  ty p e  w ith  th e  c o n c e n tr a tio n  o f  s u l f a t e  an 
ord er o f  m agnitude h ig h er  than th a t  found in  a f f e c t e d  m o n ito r in g  w e l l  
sam ples in  t h i s  stu d y  (H arlow, 1 9 74 ).
Table 12. C onparison o f  background w e l l  sa n p le , a f f e c t e d  w e l l  sa n p le ,  
and r e se r v e  p i t  sam ple fo r  S i t e  One.*
W ell 1 W ell 5
Param eter R eserve P i t (background) (a f f e c t e d ) u n it s
A lk a l in i ty 122 322 314 mg/1
B icarb on ate 148.8 392 .8 383.1 mg/1
Calcium 4870 .0 8 9 .2 156.8 mg/1
Carbonate 0 .0 0 .0 0 .0 mg/1
C hlorid e 3 8 ,3 0 0 .0 29 .0 450 .0 mg/1
Hardness 13,528 368 639 mg/1
C o n d u ctiv ity 7 7 ,4 7 0 .0 1190.0 2357 .0 umhos/cm
Magnesium 332 .0 3 5 .4 60.1 mg/1
pH 6 .4 0 7 .81 7 .7 8 — ——
Sodium 1 6 ,8 0 0 .0 113.6 261 .0 mg/1
S u lfa te 484 .0 225 .0 225 .0 mg/1
TDS 6 0 ,9 3 4 .8 8 9 2 .4 1549.4 mg/1
SAR 6 2 .9 2 .6 4 .5
* P it  sam ple was taken  in  August 1982 and w e ll  sam ples in  Septem ber 
1982 (a n a ly s e s  done by th e  Montana S ta te  Department o f  H ealth  
L ab oratory) .
Groundwater q u a l i ty  data c o r r e la t e s  much b e t t e r  w ith  th e  
groundwater flow  p a tte r n  a t  S i t e  One than a t  S i t e  Two. The reason  fo r  
t h i s  i s  th a t  a f f e c t e d  S i t e  Two w e l l s  were in  th e  p i t  and tren ch  area; 
th e r e  were no w e l ls  dow ngradient o f  th e  p i t  t o  measure contam inant 
m ig r a tio n .
S i t e  One w e l l s  3 and 5 were s i t u a t e d  downgradient o f  th e  p i t  
a cco r d in g  t o  th e  flow  p a tte r n s  fo r  A ugust and O ctober 1982 and
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February, A p r il and June 1983. The d e c r e a se s  in  head from w e l l  4 ( th e  
so u th w e s te r ly  m ost w e l l )  t o  w e l l  3 ( th e  n o r th e a s te r ly  most w e ll )  fo r  
th e s e  months were 0 .4 3 ,  1 .1 4 , 0 .6 0 ,  and 0 .8 2  f e e t  (1 3 .1 1 -3 4 .7 5  cm)
r e s p e c t iv e ly .  Flow p a th s fo r  Septem ber 1982 and January and March 
1983 were s l i c ^ t l y  d i f f e r e n t  w ith  a h ig h e r  head a t  w e l l  3 than  a t  w e ll  
5 (S ee  F igu re  2 8 ) .  The change in  flow  d ir e c t io n  in  September co u ld  be 
a tem porary phenomenon due t o  mounding o f  groundwater under ir r ig a t e d  
f i e l d s  t o  th e  e a s t  ( f i e l d s  a re  no more than 10 t o  20 f e e t ,  3 .0 -6 .1  m, 
e a s t  o f  w e l l s  1 , 2 ,  and 3 ) .  The January and March data  are  more
d i f f i c u l t  t o  e:q>lain . These tren d s  co u ld  be due to  some lo c a l  
phenomenon in  th e  f i e l d  rech arge  area  to  th e  e a s t  or due to  e r r o r s  in  
measurement. The f a c t  th a t  w e l l  3 and 5 sam ples c o n s is t e n t ly  showed 
h igh  c h lo r id e  c o n c e n tr a t io n s  su g g e s ts  th a t  th e  change in  flow  
d ir e c t io n  was a tem porary occu rren ce  and th a t  groundwater f lo w s  
p r im a r ily  n o rth .
The m onthly f lu c t u a t io n s  o f  c h lo r id e  c o n c e n tr a tio n s  in  a f f e c t e d  
w e ll s  were g r e a te r  a t  S i t e  One than a t  S i t e  Two. T his may be due to  
th e  p lacem ent o f  S i t e  Two w e l l s  w ith in  th e  p i t  and tren ch  area; th e  
e f f e c t s  o f  d i lu t io n  or a d d it io n a l  le a c h in g  w ould n o t be r e a d ily  seen .
The c h lo r id e  c o n c e n tr a t io n s  o f  S i t e  One sam ples rem ained f a i r l y  
co n sta n t fo r  bac)cground w e l l s  1 and 2 . The h igh  v a lu e  fo r  th e  A p r il  
w e ll  1 sam ple i s  b e l ie v e d  t o  be a r e s u l t  o f  la b o ra to ry  or sam pling  
e rr o r  (c r o s s  co n ta m in a tio n ). P r o g r e s s iv e ly  in c r e a s in g  l e v e l s  fo r  w e l l  
4 sam ples c o u ld  be due t o  th e  ab sen ce o f th e  d i lu t in g  e f f e c t  o f  
i r r ig a t io n .  The f lu c t u a t io n s  in  a f f e c t e d  w e ll  3 and 5 sam ples may be 
cau sed  by s lu g s  o f con tam in ation  moving through th e  a q u ife r . The
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f i r s t  s lu g ,  m oving in  th e  d ir e c t io n  o f  groundwater f lo w , c o u ld  have 
c le a r e d  w e l l  5 in  January or February 1983 and w e ll  3 in  March or 
A p r il 1983. Another s lu g  m ight have reached  w e l l  5 in  June 1983, bu t 
was n o t apparent in  w e l l  3 a t  th e  tim e o f  sam pling  (See T able 7 ) .
Due t o  th e  p lacem ent o f  w e l ls  near th e  p i t  and tren ch  a rea s a t  
both s i t e s ,  i t  was im p o ss ib le  to  determ ine how fa r  downgradient 
c h lo r id e  c o n c e n tr a t io n s  re tu rn ed  t o  background. Dames and - Moore
(1982) and Murphy (1983) found th a t  l e v e l s  retu rn ed  to  normal w ith in  
s e v e r a l  hundred f e e t  o f  th e  r e se r v e  p i t s .  A s im ila r  c o n c lu s io n  can 
n ot be drawn from t h i s  stud y  s in c e  th e  w e l l s  fu r t h e s t  from th e  p i t s  
s t i l l  showed e le v a te d  c h lo r id e  l e v e l s .
H ydrogeology
Groundwater q u a l i t y  data  from S i t e  One p ro v id e  a good check on th e
c a lc u la te d  r a te  o f  groundwater f lo w . At S i t e  One, 16 days a f t e r  th e
p i t  was b reach ed , a s a n g le  from m on itor in g  w e l l  3 showed an e le v a te d
c h lo r id e  c o n c e n tr a t io n . Assuming an i s o t r o p ic ,  homogeneous a q u ife r
w ith  th e  c a lc u la te d  average l in e a r  v e lo c i t y  o f  1 .7 6  f e e t  p er  day (6 .2 1
X 10 c m /s ) , th e  groundwater would have moved 28 f e e t  (8 .5  m) in  16
d ays. The approxim ate d is ta n c e  s e p a r a t in g  th e  c e n te r  o f th e  p i t  and
w e ll  3 was 350 f e e t  (1 0 6 .7  m ). For th e  groundwater and p i t  f lu id s  to
t r a v e l  350 f e e t  in  16 d a y s , th ey  would have to  have moved a t  a r a te  o f
## 3
22 f e e t  p er day (7 .8  X 10 cm /s) through th e  w ater t a b le  a q u ife r .  
A p o s s ib le  reason  fo r  th e  u n d erestim a tio n  o f  groundwater flow  r a te  
co u ld  be th a t  th e  f lu id s  t r a v e l le d  p r e f e r e n t ia l ly  through a la y e r  o f  
h ig h er  h y d r a u lic  c o n d u c t iv ity ,  such as a g r a v e l bed. M onitoring w e l l
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lo g s  show g r a v e l la y e r s  o f  v a r y in g  th ic k n e s s  u n d e r ly in g  t h i s  s i t e ,  and 
t h i s  la ck  o f  hom ogeneity co u ld  accou n t fo r  th e  low groundwater 
v e l o c i t y  e s t im a te . A lso , 16 days co u ld  be an u n d erestim a te  o f  f l u i d  
t r a v e l  tim e i f  th e  p i t  was le a k in g  b e fo r e  i t  was breached . S u rface  
b r in e  s p i l l s  co u ld  a l s o  accou n t fo r  t h i s  e v e n t , but t h i s  e x p la n a tio n  
i s  u n l ik e ly  s in c e  th e r e  was no ev id e n c e  o f  su r fa c e  s p i l l s  a t  th e  s i t e .
The groundwater v e l o c i t y  determ ined  fo r  S i t e  Two i s  hard t o  check  
by c a l c u la t in g  how fa r  p o l lu t a n t s  have moved b ecau se th e  e x a c t  d a te s  
o f  r e se r v e  p i t  rec la m a tio n  a re  unknown and th e  a f f e c t e d  w e lls  were
lo c a te d  so  near th e  tren ch  and p i t  a rea .
E le c t r ic a l  R e s i s t i v i t y
E le c t r ic a l  r e s i s t i v i t y  data a t  both s i t e s  compare fa v o ra b ly  w ith  
groundwater flo w  p a th s and groundwater q u a lity  d a ta , a lth ou gh  t h i s
r e la t io n s h ip  i s  much b e t t e r  fo r  S i t e  Two than  S i t e  One. S i t e  Two 
i s o r e s i s t i v i t y  maps show th e  lo w e s t  apparent r e s i s t i v i t y  r e a d in g  in  
th e  im m ediate v i c i n i t y  o f  th e  r e se r v e  p i t  (F igu re  3 9 ) .  A ll  a f f e c t e d  
w e ll s  a t  t h i s  s i t e  f a l l  w ith in  th e  low er apparent r e s i s t i v i t y
c o n to u r s . The 20 f e e t  (6 .1  m) a -sp a c in g  apparent i s o r e s i s t i v i t y  map 
b e s t  shows th e  e lo n g a t io n  o f  apparent r e s i s t i v i t y  in t e r v a ls  in  th e  
d ir e c t io n  o f  groundwater f lo w .
The apparent i s o r e s i s t i v i t y  maps o f  S i t e  One show an e lo n g a t io n  in  
th e  d ir e c t io n  o f groundwater flow  and th e  lo w e s t  apparent
r e s i s t i v i t i e s  around th e  r e se r v e  p i t  and tr e n c h e s  (F ig u r es  31 to  3 4 ) .  
The maps do n o t show low er apparent r e s i s t i v i t y  around a f f e c t e d  w e l ls  
3 and 5 . The in c r e a se d  io n ic  c o n c e n tr a tio n  o f  th e  groundwater in  t h i s
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area may have been masked by h i ÿ i  r e s i s t i v i t y  la y e r s  a t  th e  su r fa c e .  
S ources o f  erro r  a s s o c ia t e d  w ith  th e  map c o n s tr u c t io n  co u ld  a ls o  
accou n t fo r  th e  ab sen ce o f  low apparent r e s i s t i v i t y  rea d in g s around  
w e ll s  3 and 5 . U n lik e  th e  su rvey  conducted  a t  S i t e  Two, rea d in g s  fo r  
th e  32 s t a t io n s  a t  S i t e  One were not tak en  on th e  same day, b u t over a 
f i v e  day p e r io d  from J u ly  5 th  through 9 th , 1983. D if f e r in g  s o i l  
m oistu re  c o n d it io n s ,  due t o  a t r a c e  o f  r a in  on th e  4 th  and th e  9 th  
(U .S . Departm ent o f  Commerce N a tio n a l O ceanographic and A tm ospheric  
A d m in is tra tio n , 1 9 8 3 ), p o s s ib ly  a f f e c t e d  rea d in g s  and /or th e  shape o f  
th e  ap p aren t i s o r e s i s t i v i t y  maps.
The w id e ly -sp a c e d  i s o r e s i s t i v i t y  con tou rs to  th e  w est o f  th e  p i t  
in d ic a te  some flo w  o f  low r e s i s t i v i t y  groundwater in  t h i s  d ir e c t io n .  
I t  i s  p o s s ib le  th a t  a w e s te r ly  flo w  component was m issed  due t o  th e  
la ck  o f  m o n ito r in g  w e l l s  on t h i s  s id e  o f  th e  lo c a t io n  or due to  e r r o r s  
in  flo w  l i n e  c o n s tr u c t io n . The flow  l i n e s  were drawn to  c r o ss  
e q u ip o te n t ia l  l i n e s  a t  r ig h t  a n g le s  (F igure 2 8 ) ,  but in  a n is o tr o p ic ,  
nonhomogeneous a q u if e r s ,  th ey  w i l l  c r o s s  a t  o th er  than  r ig h t  a n g le s  
( F e t t e r ,  1 9 80 ).
For Study S i t e  Two, th e  conputer in te r p r e te d  r e s i s t i v i t y  and 
la y e r in g  v a lu e s  correspond  w e ll  w ith  w e ll  lo g s  and apparent 
r e s i s t i v i t y  tren d s (A ppendices G and K ). G e n e r a lly , in te r p r e te d  and 
apparent v a lu e s  in c r e a s e  w ith  depth (e x c e p t  a t  s t a t io n s  4 and 5 where 
both v a lu e s  d ecrea sed  w ith  depth) and th e  in te r p r e te d  la y e r in g  
corresp on d s t o  m on itor in g  w e l l  lo g s .  O v e r a ll, th e  in te r p r e te d  r e s u l t s  
show h ig h er  r e s i s t i v i t i e s  than  th e  apparent r e s i s t i v i t y  v a lu e s .  T h is  
c o u ld  be due to  m asking; tr u e  r e s i s t i v i t i e s  were masked by th e
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a v era g in g  e f f e c t  o f  apparent r e s i s t i v i t y  read ings*
The r e s u l t s  o f  computer a n a ly s is  fo r  S i t e  One do n ot conpare as  
fa v o ra b ly  w ith  f i e l d  m easurem ents. The g en era l tren d  o f  in c r e a s in g  
r e s i s t i v i t y  w ith  depth i s  shown in  both  apparent and in te r p r e te d  d a ta , 
but th e  in te r p r e te d  data  o f te n  in c lu d e  th in  la y e r s  o f  very d i f f e r e n t  
r e s i s t i v i t i e s  (Appendix K ). A lso , l i t h o l o g i e  lo g s  drawn from t e s t  
h o le  in fo rm a tio n  show few er sh a llo w  ( l e s s  than 10 f e e t ,  3 .0  m) la y e r s  
than  in te r p r e te d  r e s i s t i v i t y  data  (Appendix G ). The d if f e r e n c e s  a t  
S i t e  One c o u ld  be accou n ted  fo r  by th e  lack  o f  su b su rfa ce  hom ogeneity . 
There was a g r e a te r  change in  su b su rfa ce  m a te r ia l from w e l l  t o  w e l l  a t  
t h i s  s i t e  than a t  S i t e  Two. Kehew and Groenewold (1983) and Murphy
(1983) b oth  m ention th a t  u s e f u l  in t e r p r e ta t io n  o f  computer data  can be 
made as lo n g  a s  l a t e r a l  h e te r o g e n e ity  i s  n o t e x c e s s iv e .  S i t e  One may 
have to o  much la t e r a l  v a r ia t io n  or to o  l i t t l e  l i t h o l o g i e  c o n tr o l t o  
make u s e fu l  in t e r p r e t a t io n s  based  on computer in te r p r e te d  d ata . 
I n te r fe r e n c e  from th e  g a lv a n iz e d  p ip e  u sed  to  c o n s tr u c t  m on itor in g  
w e ll s  an d /or th e  m eta l o i l  w e l l  c a s in g  c o u ld  a l s o  be a f f e c t i n g  both  
f i e l d  and in te r p r e te d  r e s u l t s  (Reed and o th e r s ,  1981).
McKenzie County, North Dakota
Water Q u a lity
L im ited  w ater q u a l i ty  d ata  were c o l l e c t e d  a t  th e  McKenzie County 
stud y  s i t e s .  The one groundwater sam ple tak en  a t  th e  G ulf 2 -2 5 -2 c  
s i t e  ( S i t e  T hree) and th e  two su r fa c e  sa n p le s  taken  a t  th e  S h e ll  33-20  
s i t e  ( S i t e  Four) both  showed h igh  c h lo r id e  c o n c e n tr a t io n s , in d ic a t in g
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the presence of oil field drilling fluids or brines (Table 11).
W ithout more background in fo rm a tio n  and f i e l d  data fo r  th e  s i t e s ,  i t  
i s  hard t o  determ ine th e  cau se o f  th e s e  l e v e l s .  At th e  G ulf s i t e ,  
w ith  p i t  in t a c t ,  th e  s a l in e  w ater perched  on th e  c la y  la y e r  may come 
from one o f  s e v e r a l  so u rces: i n f i l t r a t i o n  o f  su r fa c e  s p i l l s ,  a
le a k in g  r e se r v e  p i t ,  o r ,  a s  su g g e ste d  by H icks (1 983b ), seep age from  
su b su rfa ce  la y e r s  through th e  o i l  w e l l  c a s in g .
At S i t e  Four, th e  r e se r v e  p i t  seems a l i k e ly  sou rce b ecau se no 
ev id e n c e  o f  su r fa c e  s p i l l s  e x i s t s  and th e  p i t  was b u ried  on th e  s id e  
o f  th e  lo c a t io n  where th e  seep  o c c u r s .
H ydrogeology
A gain , w ith o u t background in fo rm a tio n  i t  i s  hard t o  draw a ccu ra te  
c o n c lu s io n s  about th e  hydrogeo logy  o f  th e  d i f f e r e n t  study a r e a s .  
Based on f i e l d  o b s e r v a t io n s , th e  problem  s i t e s  are u n d e r la in  by 
p erch ed  groundwater and a re  w e l l  above th e  r e g io n a l w ater t a b le .
E le c t r ic a l  R e s i s t iv i t y
At S i t e s  Three through F iv e , where see p s  were ob served  (th e  G ulf 
2 - 2 5 - 2 C ,  th e  S h e ll  3 3 - 2 0 ,  and th e  F ly in g  J ) ,  e l e c t r i c a l  r e s i s t i v i t y  
su rv ey s on th e  lo c a t io n s  (or in  th e  seep  a rea s  fo r  th e  F ly in g  J) a l l  
showed co n s id e r a b ly  low er su r fa c e  apparent r e s i s t i v i t y  v a lu e s  than  
th o se  su rv ey s  conducted  o f f  th e  s i t e s  (F ig u res  41 through 4 4 ) .  In a l l  
c a s e s ,  th e r e  were to o  few s t a t io n s  t o  p in p o in t  th e  cau se o f  s e e p s .  
However, th e s e  c o n s is t e n t ly  low r e s i s t i v i t y  rea d in g s  cou p led  w ith  th e  
l im it e d  w ater q u a l i ty  in fo rm a tio n  do in d ic a te  th e  p resen ce  o f  o i l
f i e l d  w a s te s ,  e i t h e r  from r e se r v e  p i t s ,  su r fa c e  b r in e  s p i l l s ,  or lea k y
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w e ll  c a s in g s .
H icks (1983b) found th a t  th e  seep  a t  th e  G ulf s i t e  r e s u lt e d  from  
s a l in e  w ater d r a in in g  from a su b su r fa ce  c la y  la y e r  su r fa c in g  on th e  
sou th  s id e  o f  th e  lo c a t io n .  T his la y e r  was not p ick ed  up by f i e l d  or  
computer in te r p r e te d  r e s i s t i v i t y  r e s u l t s ,  p o s s ib ly  due to  i n s u f f i c i e n t  
e le c tr o d e  sp a c in g , m asking from o v e r ly in g  la y e r s ,  in te r fe r e n c e  from  
th e  m eta l o i l  w e l l  c a s in g , or in t e r f e r e n c e  from co n d u ctin g  th e  survey  
on a narrow r id g e . E vidence o f  s u r fa c e  s p i l l s  o f s a l t  w ater e x i s t  on 
th e  n orth w est edge o f  th e  lo c a t io n  and on th e  lo c a t io n  pad i t s e l f .
T h is su r fa c e  s a l t  co u ld  accou n t fo r  th e  low su r fa c e  r e s i s t i v i t y
rea d in g s  as co u ld  seep age from th e  r e se r v e  p i t  ( th e  p i t  i s  s t i l l  
in t a c t ,  but th e  l i n e r  may be to rn  below th e  f l u i d  l e v e l ) .
The seep  a t  th e  S h e l l  33-20  lo c a t io n  i s  probably th e  most d ir e c t ly
r e la t e d  t o  r e s e r v e  p i t  rec la m a tio n  te c h n iq u e s . No ev id e n c e  o f  su r fa c e  
s a l t  s p i l l s  was ap p aren t, y e t  th e  two r e s i s t i v i t y  su rveys on th e  s i t e  
showed low er v a lu e s  a t  a l l  depths than th e  su rvey  conducted  in  a
c o n tr o l a rea . These r e s i s t i v i t y  r e s u l t s  are supported  by su r fa c e  s o i l
and w ater sa n g le s  (S ee T able 11 and Appendix D ).
The seep  a t  th e  F ly in g  J s i t e  may be from a com bination  o f  poor 
s i t e  rec la m a tio n  p r a c t ic e s  and f a u lt y  b r in e  h a n d lin g  p r a c t ic e s  
(d is p o s a l  o f  produced w ater down th e  in te r m it te n t  d ra in a g e ). W ithout 
knowing th e  h y d r a u lic  g r a d ie n t  or h y d r a u lic  c o n d u c t iv ity  and p o r o s ity  
o f u n d e r ly in g  m a te r ia ls ,  i t  i s  im p o ss ib le  to  determ ine i f  15 y ea rs  i s
a rea so n a b le  tim e e s t im a te  fo r  p i t  f lu id s  or le a c h a te  to  reach  th e
in te r m it t e n t  dra inage below  t h i s  s i t e .  More s p e c i f i c  h y d ro g eo lo g ic  
in fo rm a tio n  and more e x te n s iv e  f i e l d  t e s t s  a re  needed to  determ ine i f
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th e  r e se r v e  p i t  i s  r e s p o n s ib le  fo r  t h i s  seep .
When compared t o  o th er  s i t e s ,  th e  r e s i s t i v i t y  data  fo r  th e  S h e ll  
34X-6 ( S i t e  S ix )  and B lue B u tte s  ( S i t e  Seven) s i t e s  in d ic a te  th a t  no 
su b su r fa ce  problem s e x i s t  a t  th e s e  lo c a t io n s .  The apparent 
r e s i s t i v i t y  rea d in g s a t  th e s e  s i t e s  were s im ila r  t o  th o se  taken  near, 
but n ot on, a f f e c t e d  s i t e s  (F ig u res  45 and 4 6 ) . The lack  o f  apparent 
su b su rfa ce  problem s a t  th e  B lue B u tte s  s i t e ,  however, may be due more 
to  s i t e  age than  e f f e c t i v e  rec la m a tio n  te c h n iq u e s . T h is m ight a ls o  be 
th e  ca se  w ith  th e  34X-6 s i t e ,  d r i l l e d  in  1977.
W ithout l i t h o l o g i e  c o n tr o ls ,  i t  i s  d i f f i c u l t  t o  in t e r p r e t  th e  
accuracy o f  conputer g en era ted  r e s i s t i v i t y  and la y e r in g  in fo rm a tio n  
fo r  th e  McKenzie County s i t e s .  G e n e ra lly , th e s e  data show th e  same 
tren d s as apparent r e s i s t i v i t y  d ata , but th e r e  i s  i n s u f f i c i e n t  
in fo rm a tio n  t o  make q u a n t i ta t iv e  in t e r p r e t a t io n s .
Summary
The r e s u l t s  o f  t h i s  stud y  show a lo c a l iz e d  ad verse  e f f e c t  on 
groundwater q u a lity  from r e se r v e  p i t  tr e n c h in g  and b u r ia l .  Water 
q u a li ty  and r e s i s t i v i t y  data o u t l in e  plumes o f  contam inated  
groundwater ex ten d in g  from th e  p i t  a reas in  th e  d ir e c t io n  o f  
groundwater flow  a t  both Study S i t e s  One and Two. E le c t r ic a l  
r e s i s t i v i t y  r e s u l t s  fo r  Study S i t e s  T hree, Four, and F ive  in d ic a te  th e  
p resen ce  o f su b su rface  s a l t s ,  a lth ou gh  th e  im p lic a t io n s  o f r e se r v e  p i t  
reclaunation  problem s are l e s s  c le a r  a t  th e s e  s i t e s .
The p r in c ip le  in d ic a to r  o f groundwater q u a l i ty  d egrad ation  u sed  in  
t h i s  study was c h lo r id e , one o f  th e  more m obile c o n s t itu e n ts  o f
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d r i l l i n g  f lu id s  and le a c h a te  (Dames and Moore, 1981; Murphy, 1983 ). 
D r i l l in g  muds and f lu id s  co n ta in  many o th e r  io n s  and m e ta ls . Some o f  
them, p a r t ic u la r ly  th e  m eta ls  such as  chromium, pose a th r e a t  t o  human 
h e a lth  i f  found in  h igh  enough c o n c e n tr a t io n s . Although groundwater 
flow  r a t e s  and d is p e r s io n  and d i lu t io n  may make c h lo r id e  and o th er  
d r i l l i n g  mud c o n s t i t u e n t s  l e s s  s ig n i f i c a n t  on a r e g io n a l s c a le ,  th e s e  
problem s can be very  im portant l o c a l l y ,  and th e  cu m u lative  e f f e c t s  in  
h e a v ily  e x p lo r e d  a r e a s  may be g r e a t .
A lso , th e s e  e f f e c t s  may be lo n g  term  in  n a tu re . The l i t e r a t u r e  
p r o v id e s  ev id e n c e  (B o s te r , 1967; Lehr, 1969; C o l l in s ,  1971 and 1974; 
and Murphy, 1983) th a t  c a t io n  exchange p la y s  an im portant r o le  in  th e  
le n g th  o f  tim e i t  ta k e s  o i l  f i e l d  p o llu ta n t s  to  f lu s h  from th e  
groundwater sy stem . C ontinuous i n f i l t r a t i o n  o f  p r e c ip i t a t io n  (r a in  
and snowm elt) w ould c o n tin u e  t o  le a c h  th e  s a l t s  accum ulated in  th e  p i t  
and s o i l s  (P e tty jo h n , 19 7 5 ). A lso , th e s e  denser f l u i d s ,  w ith  h igh  
c o n c e n tr a t io n s  o f  d is s o lv e d  s o l i d s ,  would ten d  t o  move more s lo w ly  
than  th e  n a t iv e  groundwater (Lehr, 1 9 69 ). Thus, th e  tim e to  f lu s h  an | 
a q u ife r  o f  p o l lu t a n t s  would be d i f f i c u l t  t o  p r e d ic t .  Murphy (1983) 
documents c a se s  where th e  r e se r v e  p i t s  from w e l ls  d r i l l e d  in  1955 and
I
1960 a re  s t i l l  g e n e r a tin g  le a c h a te .  He concluded  th a t  a t  one s i t e  / 
consum ption o f  th e  sh a llo w  groundwater in  th e  v i c i n i t y  o f  th e  p i t  
would c o n s t i t u t e  a danger t o  human h e a lth .  Recommended d r in k in g  w ater  
stan d ard s fo r  c h lo r id e  and ir o n  and maximum p e r m is s ib le  c o n c e n tr a tio n s  
fo r  cadmium, le a d , n i t r a t e ,  and se len iu m  were exceeded  in  th e  
groundwater around th e  p i t  area  (See Murphy, 1983).
The problem s caused  by le a c h a te  m ig ra tio n  may be s ig n i f i c a n t  in
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c e r ta in  g e o lo g ic  s e t t i n g s .  R es id en ts  in  R ich land  County o f t e n  ta p  
sh a llo w  a q u ife r s  fo r  d om estic  and s to c k  w a ter in g  s u p p lie s .  The 
q u a l i t y  o f  th e s e  s u p p l ie s ,  and th e  p r o d u c t iv ity  o f  a g r ic u lt u r a l  land  
(F ig u re  47) may be ru in ed  by o i l  f i e l d  w a ste s . The cu m u lative  e f f e c t s  
o f  poor r e se r v e  p i t  rec la m a tio n  p roced u res and improper b r in e  h a n d lin g  
have th e  p o t e n t ia l  fo r  r e g io n a l groundw ater, su r fa c e  w a ter , and s o i l  
d eg ra d a tio n . Two such c a se s  were documented in  R o o se v e lt  and Sheridan  
c o u n t ie s ,  Montana in  th e  P op lar and Goose Lake o i l  f i e l d s .  Imprudent 
o i l  f i e l d  o p e r a tio n s  le d  t o  an in c r e a s e  in  th e  c h lo r id e  c o n c e n tr a tio n  
o f  th e  P op lar R iv er , lo s s  o f  crop lan d , and p o s s ib le  groundwater 
con tam in ation  through i n f i l t r a t i o n  o f  produced b r in e s  and r e se r v e  p i t  
f lu id s  (Dewey, 1982a).
The problem s on F o r e s t  S e r v ic e  land  in  McKenzie County, North  
Dakota a re  p r im a r ily  l o s s  o f  v e g e ta t io n  as se e p s  su r fa c e  on th e  s id e s  
o f  b u t te s  or in  in t e r m it t e n t  d r a in a g e s . A lthough th e s e  problem s are  
lo c a l i z e d ,  th ey  r e s u l t  in  th e  lo s s  o f  g ra z in g  land  and w i l d l i f e  
h a b ita t .  The amount o f  land  a f f e c t e d  i s  hard t o  q u a n tify  based  on th e  
r e s u l t s  o f  t h i s  s tu d y , but th e  f a c t  th a t  such lo s s e s  are  a v o id a b le  i s  
th e  p o in t  t o  em phasize. With proper r e se r v e  p i t  rec la m a tio n  p o l i c i e s  
and en forcem en t, none (or  very  few ) o f  th e s e  ad verse  e f f e c t s  would be 
seen .
E le c t r ic a l  r e s i s t i v i t y  tech n iq u es  p rov id ed  a u s e f u l ,  in e x p e n s iv e  
method t o  d e te c t  th e  p resen ce  o f  o i l  f i e l d  s a l t s  on or under d r i l l  
s i t e s .  T h is data c o r r e la te d  w e ll  w ith  groundwater q u a lity  d a ta , 
o u t l in in g  plum es o f  conteuninated groundwater a t  Study S i t e s  One and 
Two. At Study S i t e s  Three through Seven , e l e c t r i c a l  r e s i s t i v i t y
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in v e s t ig a t io n s  p rov id ed  a means to  determ ine which s i t e s  were problem  
a r e a s . The p resen ce  o f  su r fa c e  and su b su r fa ce  o i l  f i e l d  s a l t s  was 
c le a r ly  in d ic a te d  a t  S i t e s  T hree, Four and F iv e , w h ile  none were 
e v id e n t  a t  S i t e s  S ix  and Seven .
Figure 47. First season wheat crop over the reserve pit at 
Study Site Two.
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CHAPTER VI 
POLICY IMPLICATIONS OF RESULTS
T his ch a p ter  in tr o d u c e s  th e  a g e n c ie s  r e sp o n s ib le  fo r  r e g u la t in g  
o i l  w e l l  s i t e  rec la m a tio n  in  Montana, North D akota, and on F o r e st  
S e r v ic e  la n d s . The r e se r v e  p i t  c o n s tr u c t io n , rec la m a tio n , and 
groundwater q u a l i t y  p r o te c t io n  p o l i c i e s  o f  th e se  a g e n c ie s  are examined  
as th ey  r e la t e  t o  th e  r e s u l t s  o f  t h i s  s tu d y .
Montana
The O il and Gas C o n servation  D iv is io n  o f  th e  Montana Department o f  
N atu ra l R esources and C on serva tion  r e g u la te s  a l l  p h ases  o f  o i l  and gas  
e x p lo r a t io n  and developm ent in  th e  s t a t e .  T h eir  r e g u la t io n s  req u ir e  
r e se r v e  p i t s  t o  be "* * * s e a le d  when n ecessa ry  to  p rev en t seepage"  
(Montana Department o f  N atu ra l R esources and C onservation  O il and Gas 
C onservation  D iv is io n ,  1980 ). T h eir r e g u la t io n s  on r e se r v e  p i t  
c o n s tr u c t io n  p rov id e  no stan d ard  to  apply t o  determ ine when p i t s  
sh o u ld  be l in e d .
When d r i l l i n g  o p e r a tio n s  are  com pleted . D iv is io n  r e g u la t io n s  
r eq u ir e  th a t  th e  w e ll  s i t e  be r e s to r e d  to  o r ig in a l  grade and 
p r o d u c t iv ity .  The o p era to r  i s  req u ired  t o  d isp o se  o f  a l l  s o l i d  w a ste s  
e i t h e r  by rem oving them from th e  w e l l  s i t e  or b u ryin g  them 3 f e e t  (0 .9  
m) or more under th e  r e s to r e d  s u r fa c e . The tr e n c h in g  o f w aste p i t s  
p r io r  t o  b u r ia l  i s  n e ith e r  e x p r e s s ly  p erm itte d  nor fo rb id d en .
The Montana Department o f  H ealth  and E nvironm ental S c ie n c e s ,  Water 
Q u a lity  Bureau has adopted  groundwater q u a lity  stand ard s and
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p e r m it t in g  p roced u res fo r  w a ste  d is p o s a l ,  bu t r e se r v e  p i t s  are  exempt 
from any p e r m it t in g  req u irem en ts (A d m in istra tve  R ules o f  Montana, 
1982, 1 6 * 2 0 .1 0 1 2 ). T h is ex en ^ tio n  was probably a move to  a v o id
d u p lic a t io n  o f  e f f o r t  betw een th e  s t a t e  a g e n c ie s .  However, Water 
Q u a lity  Bureau p erso n n e l have th e  e x p e r t is e  t o  determ ine i f  a r e se v e  
p i t  p o ses  a th r e a t  to  groundwater q u a l i t y ,  th e  O il and Gas 
C on servation  D iv is io n  does n o t have t h i s  ty p e  o f  t e c h n ic a l  s t a f f .  The 
f i e l d  a g en ts  o f  th e  D iv is io n  have la r g e  geograp h ic a rea s  to  cover and 
many o th e r  d u t ie s ,  o f  h ig h er  agency p r io r i t y ,  t o  perform .
I n s u f f i c i e n t  ch em ica l a n a ly s e s  were conducted  on th e  groundwater 
sam ples from Study S i t e s  One or Two to  determ ine i f  s p e c i f i c  s t a t e  
groundwater q u a l i ty  stan d ard s were v io la t e d .  The f e d e r a l secondary  
d r in k in g  w ater stand ard  fo r  c h lo r id e  was exceeded  in  most a f f e c t e d  
w e ll  sam ples as were s t a t e  recom mendations fo r  a e s t h e t ic  q u a l i t y .  The 
s t a t e  adopted  U .S . E nvironm ental P r o te c t io n  Agency q u a lity  c r i t e r i a  to  
keep “A l l  w ater f r e e  from su b sta n c e s  a t t r ib u ta b le  to  w astew ater or 
oth er  d isch a rg e  th a t  * * * produce o b je c t io n a b le  c o lo r ,  odor, t a s t e ,  
or t u r b id ity  * * *" (U .S . E nvironm ental P r o te c t io n  Agency, 1 9 76 ).
Samples o b ta in ed  from S i t e  One w e l l s  3 and 5 and S i t e  Two w e l l s  6 , 6A, 
7 and 7A fo r  t h i s  stud y  have exceed ed  both d r in k in g  w ater and 
a e s t h e t i c  q u a l i ty  c r i t e r i a  fo r  c h lo r id e .
North Dakota
The I n d u s tr ia l  Commission o f  North Dakota i s  th e  s t a t e  agency  
r e s p o n s ib le  fo r  r e g u la t in g  a l l  o i l  and gas o p e r a tio n s  w ith in  th e  
s t a t e .  The p r o v is io n s  fo r  r e se r v e  p i t s  r eq u ir e  th a t  p i t s  be
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c o n s tr u c te d  to  p rev en t con tam in ation  o f  su r fa c e  or su b su rfa ce  w ater  
and n o t be p la c e d  in  or "hazardously  near" stream s or b lock  n a tu ra l  
d ra in a g es  ( I n d u s t r ia l  Commission o f  N orth Dakota^ 1981).
Commission r e g u la t io n s  r eq u ir e  fe n c in g  o f  r e se r v e  p i t s  u n t i l  th ey  
are dry . Any o i l  on th e  su r fa c e  o f  th e  p i t s  must be removed or th e
p i t s  f la g g e d  t o  p rev en t a hazard to  w a ter fo w l. The p i t s  sh ou ld  be
f i l l e d  and le v e le d ,  and th e  s i t e  r e s to r e d  t o  o r ig in a l  con tou r in  l e s s  
than  one year  from th e  com p letion  o f  th e  o i l  or gas w e l l  (See  
I n d u s t r ia l  Commission o f  North D akota, 1981).
The s t a t e  o f  N orth D akota, in  co o p era tio n  w ith  th e  U .S .
E nvironm ental P r o te c t io n  A gency, i s  in  th e  p r o c e ss  o f  d e v e lo p in g
groundwater q u a l i t y  r e g u la t io n s .  When th e s e  r e g u la t io n s  are adopted , 
i t  w i l l  be th e  j o in t  r e s p o n s ib i l i t y  o f  th e  I n d u s tr ia l  Commission and 
Department o f  H ealth  to  in su r e  th a t  o i l  f i e l d  o p e r a tio n s  meet th e  
q u a li ty  c r i t e r i a  s e t  by th e  s t a t e  (F ew le ss , 1983, o r a l commun.) .
U .S . F o r e st  S e r v ic e
Both th e  U .S . F o r e st  S e r v ic e  and th e  Bureau o f  Land Management 
o v e r se e  o i l  and gas o p e r a tio n s  on F o r e s t  S e r v ic e  la n d s . N e ith er  o f  
th e s e  a g e n c ie s  have c o d if i e d  r e g u la t io n s  on w e ll  s i t e  r e h a b i l i t a t io n ,  
but rec la m a tio n  p la n s  must be f i l e d  by th e  op erator w ith  th e  
A p p lic a tio n  to  D r i l l  an d /or  th e  N o tic e  o f  I n te n t  to  Abandon. At th e  
North Dakota s i t e s  in v o lv e d  in  t h i s  s tu d y , and on a l l  F o r e st  S e r v ic e  
la n d s , th e  F o r e s t  S e r v ic e  i s  th e  agency r e s p o n s ib le  fo r  proper su r fa c e  
management (U .S . Bureau o f  Land Management and o th e r s ,  1978; Weber, 
1983, o r a l  commun.) .
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R eserve p i t s  on F o r e st  S e r v ic e  land  must be lo c a te d  in  c o n ta c te d ,  
im perm eable s o i l s .  I f  groundwater con tam in ation  i s  l i k e l y ,  th en  th e  
p i t s  must be l in e d  w ith  b e n to n ite  or an im pervious l in e r .  D r i l l in g  
muds and f lu id s  may be d isp o se d  o f  s e v e r a l ways (See H adley, 1983):
a ) The m a te r ia l may be pumped and tru ck ed  t o  an oth er d r i l l  s i t e  
fo r  re u se  and th e  r e se r v e  p i t  f i l l e d  in  w ith  n a t iv e  m a te r ia l.
b) The mud may be punned and tru ck ed  t o  a d is p o s a l  s i t e .
c ) The mud p i t  and c o n te n ts  a f t e r  punning or d e s ic c a t io n  o f  
e x c e ss  f l u i d  may be b a c k f i l l e d  and s e a le d  w ith  su r fa c e  
reg ra d in g  o r  o th er  m easures n ecessa ry  t o  p rev en t c o l l e c t i o n  
and i n f i l t r a t i o n  o f  su r fa c e  w a ter . The f i l l  m a te r ia l sh o u ld  
be com pacted and crowned t o  p r o h ib it  i n f i l t r a t i o n .
d) The mud p i t  may be f i l l e d  in  d isp u r s in g  [ s ic ]  th e  mud in  th e  
su b su rfa ce  and some on th e  s u r fa c e . T his method i s  good where 
th e  ch em ica l c o itp o s it io n  a c ts  as a f e r t i l i z e r .  Subsurface  
con tam in ation  sh o u ld  n o t be a concern u s in g  t h i s  method.
e )  The mud i s  punped from th e  r e se r v e  p i t  and mixed w ith  t o p s o i l  
t o  h e lp  e s t a b l i s h  v e g e ta t io n  on th e  d r i l l  pad. I t  can be used  
as f e r t i l i z e r  fo r  road f i l l s  and c u t s .  The com p osition  o f  th e  
mud must be such as th e  enhance r e v e g e ta t io n .
The F o r e st  S e r v ic e  must a l s o  comply w ith  any a d d it io n a l s t a t e
c o n s tr u c t io n  or rec la m a tio n  req u irem en ts (Weber, 1983, o r a l  commun.) .
A p p lic a t io n s  fo r  le a s e s  or d r i l l i n g  p erm its  are  s e n t  to  th e  Bureau 
o f Land Management and th en  forw arded to  th e  a p p ro p ria te  F o r e st  
S e r v ic e  Ranger D i s t r i c t s  fo r  rev iew . The d i s t r i c t  p erso n n e l s u g g e s t  
any a d d it io n a l s t ip u la t io n s  t o  th e  le a s e  and a s s i s t  in  any 
environm ental a n a ly s is  req u ir ed  fo r  th e  A p p lic a t io n  to  D r i l l  (U .S . 
Bureau o f  Land Management and o th e r s ,  1978; U .S . F o r e st  S e r v ic e  
N orthern R egion , 1 9 8 3 ).
F o r e st  S e r v ic e  p o l i c i e s  a llo w  fo r  e v a lu a t io n  on a c a se  by c a se  
b a s is  by d i s t r i c t  p e r so n n e l. I d e a l ly ,  t h i s  system  sh ou ld  work w e ll  
b ecau se th e  s i t e s  are  rev iew ed  by in d iv id u a ls  f a m il ia r  w ith  th e  area  
and w ith  any p o t e n t ia l  fo r  en vironm en ta l harm from d r i l l i n g  or
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rec la m a tio n  p r a c t ic e s *
The r e s u l t s  o f  t h i s  stud y  show, how ever, th a t  t h i s  system  i s  n ot  
id e a l .  E vidence a t  S i t e s  T hree, Four, and F iv e  o f  t h i s  study in d ic a te  
th a t  su b su r fa ce  co n tam in ation  has r e s u lt e d  from o i l  f i e l d  o p e r a t io n s .
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CHAPTER VII 
CONCLUSIONS AND RECOMMENDATIONS
C on clu sion s
1 .)  The r e se r v e  p i t  rec la m a tio n  tech n iq u e  o f  tr e n c h in g  and b u ryin g  
p i t  m a te r ia ls  and f l u i d  on th e  d r i l l  s i t e  a d v e r se ly  a f f e c t e d  
l o c a l  groundwater q u a l i ty  a t  two stud y  s i t e s  in  R ich land  C ounty, 
Montana. T h is procedure may a l s o  be r e sp o n s ib le  fo r  a t  l e a s t  one 
s a l t  w ater seep  on F o r e s t  S e r v ic e  lan d  in  McKenzie C ounty, North  
Dakota.
2 . )  In R ich lan d  County, c h lo r id e  a n a ly s is  o f  w e ll  sam ples serv ed  as  a 
good in d ic a to r  o f  d r i l l i n g  f l u i d  con tam in ation  due to  th e  low 
c h lo r id e  c o n c e n tr a tio n  o f  n a t iv e  groundwater (13 t o  45 mg/1) and 
th e  r e l a t i v e l y  h ic^  c o n c e n tr a tio n  in  p i t  f lu id s  (3 8 ,3 0 0  m g/1 ).
3 . )  Groundwater sa n g le  a n a ly s is  cou p led  w ith  su r fa c e  e l e c t r i c a l  
r e s i s t i v i t y  su rv ey s s u c c e s s f u l ly  o u t l in e d  plum es o f  h iÿ i  c h lo r id e  
groundwater ex ten d in g  down th e  groundwater g ra d ie n t a t  both  
R ich land  County s i t e s .  S u rface  r e s i s t i v i t y  tech n iq u es  in d ic a te d  
th e  p resen ce  o f  s a l t s  on or in  th e  su r fa c e  la y e r s  a t  th r e e  o f  th e  
McKenzie County stud y  s i t e s .
4 . )  S e v e r a l groundwater sa n g le s  from a f f e c t e d  w e l l s  a t  Study S i t e s  
One and Two and s u r fa c e  sa n p le s  a t  S i t e  Four exceed ed  th e  
secondary d r in k in g  w ater stand ard  fo r  c h lo r id e .  R ich land County
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sam ples a l s o  exceed ed  M ontana's a e s t h e t ic  groundwater q u a lity  
c r i t e r i a .
5 . )  E le c t r i c a l  r e s i s t i v i t y  r e s u l t s  c o r r e la te d  b e s t  w ith  groundwater
flow  and groundwater ch em istry  fo r  Study S i t e  Two, which had th e  
g r e a te s t  l a t e r a l  h om ogen eity .
6 . )  E le c t r ic a l  r e s i s t i v i t y  i s  most u s e fu l  in  o u t l in in g  zon es o f
groundwater con tam in ation  when cou p led  w ith  l i t h o l o g i e  and 
groundwater q u a lity  in fo rm a tio n . T his tech n iq u e  seems to  work 
b e s t  in  a rea s  w ith  a sh a llo w  (10 to  20 f e e t  deep) groundwater 
t a b le ,  l a t e r a l  hom ogeneity , and a very  low r e s i s t i v i t y  
contam inant. E le c t r ic a l  r e s i s i t i v i t y  i s  u s e fu l  fo r  f i l l i n g  in  
in fo rm a tio n  gaps betw een m on itor in g  w e l l s .
7 . )  S u f f i c i e n t  l i t h o l o g i e  and g eo h y d ro lo g ic  in fo rm a tio n  was not
a v a ila b le  t o  make q u a n t i ta t iv e  in te r p r e ta t io n s  o f  f i e l d  or 
c o n fu te r  in te r p r e te d  r e s i s t i v i t y  v a lu e s  a t  th e  McKenzie County 
stud y  s i t e s .
8 . )  C urrent r e se r v e  p i t  r ec la m a tio n  p r a c t ic e s  are r e s u l t in g  in  lo c a l  
groundwater q u a l i ty  d egrad ation  and damage t o  su r fa c e  s o i l s  and 
v e g e ta t io n  a t  S i t e s  One, Two, and Four o f  t h i s  s tu d y . S ta te  and 
f e d e r a l  p o l i c i e s  need t o  be s e t  t o  o u t l in e  s p e c i f i c  rec la m a tio n  
p roced u res to  reduce th e  r is k  o f  groundwater or s o i l  
con tam in ation  by r e se r v e  p i t  f lu id s  or le a c h a te . Enforcem ent o f
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th e s e  p o l i c i e s  must th en  become agency p r i o r i t i e s .
Recommendations
F urther Study
More data  a re  needed b e fo r e  i t  can be proved th a t  r e se r v e  p i t  
f lu id s  or le a c h a te  are  ca u s in g  th e  seep s  n o ted  on F o r e st  S e r v ic e  
la n d s . Such s tu d ie s  sh ou ld  in c lu d e  t e s t  d r i l l i n g  fo r  l i t h o l o g i e  
c o n tr o l ,  e x te n s iv e  s a n p lin g  in  th e  sa tu r a te d  and u n sa tu ra ted  zon e, and 
more e x te n s iv e  e l e c t r i c a l  r e s i s t i v i t y  t e s t in g .
F urther stud y  a t  th e  R ich land  County s i t e s  would p ro v id e  
a d d it io n a l  in fo rm a tio n  on th e  changes in  groundwater q u a lity  w ith  
depth below  and d is ta n c e  from th e  p i t s .  Both s in g le  and n e s te d  
m o n ito r in g  w e l l s  co u ld  be i n s t a l l e d  to  m onitor th e s e  changes. An 
e v a lu a t io n  o f  th e  c la y  c o n te n t  o f  th e  a q u ife r  (determ ined  from d r i l l  
c u t t in g s )  c o u ld  be u sed  t o  e s t im a te  th e  e f f e c t  o f  io n  exchange and 
a d so rp tio n  on th e  movement o f  p o l lu t a n t s .  Trace m eta l a n a ly s is  o f  
w e ll  sa n g le s  would in d ic a t e  th e  e x te n t  o f  m igra tion  o f  th e s e  l e s s  
m o tile ,  but p o t e n t ia l ly  harm ful, p i t  m a te r ia ls .
More in fo rm a tio n  i s  needed to  determ ine a t  which s i t e s  in  th e  
W ill is to n  B a sin , or o th e r  o i l  and gas p roducing  a r e a s , groundwater may 
be a d v e r se ly  a f f e c t e d  by c u r r e n t r e se r v e  p i t  rec la m a tio n  te c h n iq u e s .  
E le c t r ic a l  r e s i s t i v i t y  su rv ey s p ro v id e  a q u ic k , ine:qpensive method to  
d e te c t  th e  p resen ce  o f  low r e s i s t i v i t y  o i l  f i e l d  b r in e s  and d r i l l i n g  
f l u i d s .  T h is method co u ld  be u sed  t o  sc r e e n  a la r g e  number o f s i t e s  
t o  determ ine which sh o u ld  be d e s ig n a te d  fo r  fu r th e r  s tu d y .
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R eclam ation T echniques
There are two ways t o  m it ig a te  th e  ad verse  environm ental e f f e c t s  
o f  r e se r v e  p i t s :  c a r e fu l  p i t  p lacem ent and s i t e - s p e c i f i c  rec la m a tio n  
p r a c t ic e s .  A lthough th e  p lacem ent o f th e  r e se r v e  p i t  i s  l e s s  f l e x i b l e  
than  th e  rec la m a tio n  method, a t te n t io n  to  t h i s  d e t a i l  may p reven t  
fu tu r e  prob lem s. P i t s  sh o u ld  n o t be dug in  in te r m it te n t  d ra in a g es , in  
a rea s  where th ey  co u ld  be washed o u t , or near su r fa c e  stream s.
S p e c i f i c  c r i t e r i a  sh ou ld  be s e t  t o  determ ine when a l in e r  i s  req u ired  
in  a r e se r v e  p i t .  These c r i t e r i a  sh ou ld  in c lu d e  a t e s t  fo r  s o i l
p e r m e a b ility , s p e c if y in g  what ty p e  o f t e s t  i s  n e c e s sa r y , who i s  to  
perform  th e  t e s t ,  and th e  range o f  a c c e p ta b le  p e r m e a b ility  v a lu e s  
( s i t e s  w ith in  th e  range would n o t req u ir e  a l i n e r ) .  The s o i l  t e s t  
i t s e l f  would be mandatory o n ly  i f  an op era to r  ch ose  not t o  i n s t a l l  a 
l in e r  p r io r  t o  d r i l l i n g .
The g o a l o f  p i t  rec la m a tio n  sh ou ld  be to  i s o l a t e  w a ste s  from th e  
h y d r o lo g ie  system . In a rea s  w ith  a deep w ater t a b le ,  t h i s  can be done 
by p r e v e n tin g  i n f i l t r a t i o n .  Murphy (1983) rep o r te d  th a t  crack s o f te n
d evelop ed  over tren ch ed  a rea s  as th e  b u ried  muds began t o  d e s ic c a te .  
T his le d  t o  in c r e a se d  i n f i l t r a t i o n  o f  p r e c ip i t a t io n  over th e  p i t  and 
tr e n c h e s , p o s s ib ly  c a u s in g  more le a c h in g . T h is problem  co u ld  be 
overcome hy a two s ta g e  rec la m a tio n  p r o c e s s . F i r s t ,  bury th e  muds and 
f lu id s  and, a f t e r  a s e t  p e r io d  o f  t im e , add a d d d it io n a l f i l l  t o  th e  
p i t  and shape th e  s u r fa c e  over th e  p i t  to  p reven t e x c e s s iv e
i n f i l t r a t i o n .
In a r id  r e g io n s , th e  p i t s  co u ld  be b u r ied  a f t e r  puirping o f f  th e  
e x c e ss  f l u i d  and l e t t i n g  th e  rem ain ing m a te r ia ls  dry. T h is would
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le s s e n  th e  chance o f crack s d e v e lo p in g  over th e  p i t .  A fte r  f o ld in g  
th e  l i n e r  in t o  th e  p i t ,  a b u lld o z e r  or a d ir t  b low ing machine (H ick s, 
1983a, o r a l  commun.) c o u ld  be u sed  t o  f i l l  th e  p i t .  B low ing th e  d ir t  
in to  th e  p i t  may be p r e fe r a b le  t o  b a c k f i l l in g  because th e  l in e r  would  
be l e s s  l i k e l y  to  be to r n . With d ir t  b low in g , however; th e r e  may be 
more s e t t l i n g  and cra c k in g  o f  th e  f i l l .  T his would make th e  second  
s ta g e  o f  rec la m a tio n , resh a p in g  th e  area  over th e  p i t ,  e s s e n t i a l .
At some s i t e s  w ith  perm eable s o i l s ,  i t  may be p o s s ib le  t o  s e a l  th e  
p i t  con ten ts*  H icks (1983b) s u g g e s ts  b e n to n ite  be p la c e d  in  th e  bottom
o f th e  p i t  p r io r  t o  u s e . A grou t or b e n t o n i t e - f i l l e d  tren ch  would
then  be c o n s tr u c te d  around th e  p i t ,  p r e v e n tin g  groundwater flow  in t o  
th e  p i t .  When th e  p i t  was ready to  be f i l l e d ,  a b e n t o n i t e / s o i l  mix 
co u ld  be p la c e d  over  th e  mud and t o p s o i l  mounded on th e  p i t ,  enhancing  
su r fa c e  d ra in age (H ick s, 1983b). B efore t h i s  method o f  rec la m a tio n  
co u ld  be u sed , th e  e f f e c t s  o f o i l  f i e l d  w a ste s  on b e n to n ite  would have 
t o  be determ ined . These f lu id s  may d estroy  th e  c la y  s tr u c tu r e ,  
r e s u l t in g  in  seep a g e .
In a rea s  w ith  an ex trem ely  sh a llo w  w ater t a b le ,  i . e .  above th e  
bottom  o f  th e  p i t ,  th e  o n ly  a l t e r n a t iv e  may be to  remove a l l  th e  muds, 
f l u i d s ,  and th e  l in e r  from a s i t e  b e fo re  r e s to r a t io n .  Although  
e ^ e n s iv e ,  t h i s  method w ould p rev en t groundwater con tam in ation  a t  th e  
s i t e .  The m a te r ia l removed from th e  p i t  would have t o  be h au led  t o  an 
a l t e r n a t iv e  d is p o s a l s i t e  in  a l e s s  s e n s i t i v e  s e t t in g .
S ev era l o f  th e  su g g e s t io n s  j u s t  o f f e r e d  are  req u ired  by law in  
Montana and North D akota. The problem  i s  n ot one o f te ch n iq u e , bu t
enforcement. Field inspection of reclamation activities should become
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a p r io r i t y  w ith  th e  s t a t e  and f e d e r a l  a g e n c ie s  in v o lv e d  in  o i l  and gas 
r e g u la t io n .
More e f f i c i e n t  methods o f r e se r v e  p i t  rec la m a tio n  are  needed when 
groundwater or s o i l  q u a l i t y  may be degraded by p i t  tr e n c h in g . S in ce  
F o r e st  S e r v ic e  p o l i c i e s  can be adapted  on a ca se  by c a se  b a s i s ,  th ey  
o f f e r  a unique o p p o rtu n ity  to  ejq>eriment w ith  new rec la m a tio n  
te c h n iq u e s . A v a r ie ty  o f  tech n iq u es  cou ld  be t e s t e d  in  d i f f e r e n t  
h y d ro g eo lo g ic  environm ents to  determ ine which may be th e  most 
s u i t a b le .
The problem s caused  by r e se r v e  p i t  rec la m a tio n  are a v o id a b le  in  
most c a s e s .  A lthough i t  may in v o lv e  more tim e and eicpense t o  bury p i t  
m a te r ia ls  in  th e  manner su g g e ste d  in  t h i s  r e p o r t , th ey  are m inim al 
compared t o  th e  t o t a l  e}q>enditures in v o lv e d  in  d r i l l i n g  an o i l  w e l l .  
Groundwater q u a l i ty  sh ou ld  n ot be degraded u n n e c e s sa r ily .  With 
improved p i t  rec la m a tio n  te c h n iq u e s , th e  ad verse  e f f e c t s  on 
groundwater q u a l i ty  w i l l  be m inim ized  or e l im in a te d .
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APPENDIX B
LITHOLOGY FROM DRILLERS' LOGS OF WELLS DRILLED IN SECTIONS 
13 AND 15, T . 2 3 N . , R.59E.
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L o ca tio n : mjh NŴ  S ec . 13, T .2 3 N ., R.59E.
lo g : 0 - 67* sand
67 - 80 g r a v e l ,  sand, w ater
(p e r fo r a te d  from 74 to  75*)
L oca tion : SŴ SŴa SŴ  SW4* S ec. 13, T .2 3 .N .,  R .59E.
lo g : 0 - 3* dark c la y  t o p s o i l
3 - 11 s o f t  c la y  and some g ra v e l
11 - 17 y e llo w  sandy c la y
17 - 25 s o f t e r  sand
25 - 30 hard brown sand, few g r a v e l
30 - 35 hard c o a l ,  dry
35 - 46 gray c la y
46 - 51 b lu e  c la y
51 - 52 sh a le  or sand rock
52 - 53 c la y
53 - 54 hard sandy sh a le
54 - 65 b lu e  c la y
65 - 68 gray c la y
68 - 72 hard gray c la y ,  a b i t  sanc^
72 - 78 gray c la y ,  now more sandy
78 - 81 co a rse  b lu e  sand
81 - 81 g r a v e l la y e r
81 - 82 more sand, l o t s  o f  w ater
(end o f c a s in g  l e f t  open)
L oca tion : mh mih S ec . 15, T .2 3 N ., R .59E.
lo g : 0 - 16* c la y ,  sand
16 - 46 grey sh a le
46 - 53 c o a l ,  w ater
53 - 55 grey sh a le
(end o f c a s in g  l e f t  open)
L ocation : SE^ S ec. 15, T .2 3 N ., R .59E.
lo g : 0 - 5*
5 - 6
6 — 9
9 - 15
15 - 22
22 - 32
32 - 40
40 - 44
(end o f
c o a r se  sand and g r a v e l
co a rse  sand
m ostly  co a r se  sand
co a rse  sand and g r a v e l
sandy y e llo w  c la y  and a l i t t l e  w ater
p a le  gray c la y
dark gray c la y
very  hard c o a l  and l o t s  o f  w ater
  c a s in g  l e f t  open
-1 2 3 -
L ocation : SE*9 SE% Siih S ec . 15, T .2 3 N ., R .59E. 
lo g : 0 - 1* t o p s o i l
1 - 8 gray c la y
8 - 10 g r a v e l ,  seep  o f  w ater
10 - 17 s o f t  sandy y e llo w  c la y
17 - 22 . 5 dark gray c la y
22 .5 -  22 g r a v e l
22 - 28 hard gray c la y
28 - 44 very f in e  c la y ,  sand, muddy
44 - 53 c o a r se r  sand and l o t s  o f w ater
53 - 56 hard c o a l
56 - 60 b lu e  c la y
(end o f c a s in g  l e f t  open)
L ocation : SÊ s Sec. 15, T .2 3 N ., R.59E.
lo g : 0 - 2 * c la y
2 - 1 6 g r a v e l
16 -  19 c la y
19 -  29 g r a v e l
(p e r fo r a te d  from 23 t o  24*)
L ocation : N4 N*2 UEh S ec . 15 , T .2 3 N ., R .59E.
lo g : 0 - 2 3 * sand, c la y
23 -  30 g r a v e l w ater
30 -  32 grey sh a le
(p e fo r a te d  from 26 t o  27*)
L oca tion : SE^ NE^ SE3% S ec. 15, T. 23N ., R .59E.
lo g : 0 -  16* c l a y , sand
16 -  40 grey sh a le
40 -  45 c o a l
45 -  47 grey sh a le
(p e r fo r a te d  from 40 t o  45*)
L ocation : SE3% NE^ S»h S ec . 15 , T .2 3 N ., R .59E.
lo g : 0 - 1 8 * c la y ,  g r a v e l
18 -  39 grey sh a le
39 -  49 c o a l
49 -  55 grey sh a le
(p e r fo r a te d  from 43 to  44*)
-1 2 4 —
L o ca tio n : SE  ̂ NÊ g SŴ  S ec. 15, T.23N. , R.59E.
lo g ; 0 - 3 * c la y , sand
3 - 1 2 g r a v e l
12 -  26 sand, g r a v e l
26 -  41 grey sh a le
41 -  46 c o a l ,  w ater
46 -  48 grey sh a le
(p e r fo r a te d  from 41 to  4 5 ')
Note: Lithologie descriptions are unedited (copied directly from
drillers’ logs).
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APPENDIX C
FOREST SERVICE FIELD LOGS
- 1 2 6 -
F i e l d  Log f o r  T e s t
shew n on  F ig u r e  2 2 ) .
H ole #1 a t  G ulf 2 -2 5 -2 c  S i t e  ( lo c a t io n  o f  h o le
I n te r v a l ( f t )
0 .5  -  1 .5
1 .5  — 3 .0
3 .0  -  4 .5
4 .5
6 . 0
7 .5  
9 .0
6 . 0
7 .5
9 .0
10.5
10 .5  -  12.0
12 .0
13.0
13.0
13.5
13.5  -  14 .0
14.0 -  14 .5  
14.5  — 16.0
16.0
17.5
19.0
20 .5
2 2 .0
23 .5
17.5
19.0
2 0 .5
2 2 . 0
2 3 .5  
25 .0
25 .0  -  2 6 .5  
2 6 .5
L ith o lo q y
brow nish , o rg a n ic  t o p s o i l s ,  crude and s a l t  
s a tu r a te d , s a l t  c r y s t a ls  in  s o i l  m a tr ix , heavy 
crude odor
brow nish -grey  t o p s o i l s  ( 1 . 5 - 2 . 2 ' ) ,  grey dense  
s i l t s  w ith  Fe s t a in s  and minor sands ( 2 . 2 - 3 . O '), 
crude t o  t a s t e  a t  3 .0 * .
medium t o  f in e  san d s, c le a n , no crude t a s t e  or 
s a l t s ,  very  minor amounts o f  s i l t  
same as  above 
same as  above
same a s  above, in d u ra ted  san dston e h o r izo n  a t  8 .5*  
c le a n  grey sa n d s, ch ip s  o f  in d u rated  san dston e a t  
8 .5 -9 .0 *
grey lo o s e  sands to  1 1 .0 * , dark sands in ^ regn ated  
w ith  crude a t  11 .0  to  11.5* 
in d u ra ted  san d ston e w ith  seams o f  crude 
san dston e a s  above, may be lo o se n in g  up near  
1 3 .4 * , no cru d e, no s a l t  t a s t e
u n c o n so lid a te d  sa n d sto n e , l e s s  in d u ra ted  than  
above, crude e v id e n t  a t  1 3 .9 -1 4 .0 * , seam o f  b lack  
s t a in
c le a n  g ie y  sa n d sto n e , in d u ra ted , no s a l t ,  no crude 
c le a n  grey sa n d sto n e , c o n so lid a te d  and 
u n c o n so lid a te d  le n s e s ,  i s  l e s s  c o n so lid a te d  than  
above, no s a l t ,  no crude
u n c o n so lid a te d  sa n d sto n e , sands a t  1 7 .0 ' ,  two th in  
(^ -1") le n s e s  o f  crude s t a in s ,  no s a l t  to  t a s t e  
c le a n  sa n d sto n e , s a l t  and pepper c o lo r e d  san d s, 
crumbly
c le a n  grey u n co n so lid a te d  sa n d sto n e , crum bly,
r e l i c t  bedding
same as  above
same a s  above, crumbly
w et grey sands t o  2 4 .0 ' ,  a t  2 4 .0 * , sand and brown 
c l a y - s i l t  c o n ta c t ,  very  w et a t  dense c la y /s a n d  
c o n ta c t ,  w ater b i t t e r  w ith  s a l in e  
some grey  sa n d sto n e , dense b lu e  c la y s  a t  25.5*
TD ( w e ll  ca sed  and p e r fo r a te d  from 5* t o  TD)
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F i e l d  Log f o r  T e s t  H o le  #2 a t  G u lf  2 -2 5 -2 c  S i t e  ( l o c a t i o n  o f  h o le
shown on  F ig u r e  2 2 ) .
I n te r v a l ( f t )  L ith o lo q y
o r g a n ic s ,  crude o i l  s t a in in g ,  green  c la y ,  danç, 
very  s a l t y  t a s t in g ,  Fe s t a in
c o a l ,  crude o i l  s t a in in g ,  green  c la y ,  dryer than  
above, s a l t y  t a s t in g  
g rey , green  c la y ,  daitç), Fe s t a in in g  
brown c la y ,  danp, Fe s t a in ,  sm a ll 1" c o a l seam in  
c la y
brown c la y  top  6 ” , green-brown s i l t y  sand bottom  
6 ”
green  brown sand, damp, Fe s t a in ,  sm a ll bedd ing, 
c o a r se r  tow ards bottom  o f  saunple 
same sand as above, damp, Fe s t a in  a lo n g  bedding  
green-brow n sand, s l i ÿ i t l y  co a rser  than above, 
damp
Scune a s  above
same as above, crum bly, crossb ed ded , c le a n , no 
s a l t ,  no crude
g rey -g r een  sand, crum bly, c le a n
sand as  above, some f a in t  odor o f crude, le n s e s  
(1 -2  mm) o f  o rg a n ic  m a te r ia l w ith  Fe s t a in s  a t  
1 7 .5 '
same sand as  above, c le a n , dry
same sand as above, dark le n s e s  (2 -3  mm) a t  
2 0 .8 -2 0 .9 '
same sand as  above, c le a n , dry 
same sand as  above
same sand as above, sm a ll c o a l s t r in g e r s ,  c le a n ,  
dry
same sand as above, c o n ta c t  a t  2 5 .1 ' w ith  
b lu e -g r e e n  c la y ,  Fe s ta in e d , 10 mm gypsum bed  
2 7 .0  TD (2 6 .7 '  p e r fo r a te d  c a s in g  in  h o le )
0 .0 — 1 .5
1 .5 - 3 .0
3 .0 — 4 .5
4 .5 — 6 .0
6 .0 - 7 .5
7 .5 - 9 .0
9 .0 .. 10 .5
10.5 — 12.0
12.0 _ 13 .5
13.5 - 15.0
15.0 — 16.5
16.5 18
18.0 19.5
19.5 - 2 1 .0
2 1 .0 - 22 .0
2 2 .0 - 2 3 .5
2 3 .5 - 2 5 .0
25 .0 2 7 .0
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APPENDIX D
FOREST SERVICE SOIL SAMPLE ANALYSES
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T able 1. S o i l  a n a ly se s  o f  s a n g le s  tak en  from th e  S h e l l  33-20 lo c a t io n  
in  J u ly  1981. The sam ples were a n a lyzed  by Astro-Chem, I n c . ,  
W il l i s t o n ,  North D akota. Approximate lo c a t io n  o f  sam pling  
shown in  F igu re 23 . (U .S . F o r e st  S e r v ic e  C uster  N a tio n a l
F o r e s t , 1983).
Sample C o n d u ctiv ity  Sodium Calcium C hlorid e
S i t e  umhos/cm a t  25°C (ppm) (ppm) (ppm)
on s i t e  2 ,2 0 0  822 1200 240
seep  area  3 ,100  2670 890 240
- 1 3 0 -
APPENDIX E
EXPLANATION OF ELECTRICAL RESISTIVITY TECHNIQUES 
AND APPLICATION TO GROUNDWATER INVESTIGATIONS
-1 3 1 -
E xp lan ation
D ir e c t  cu rre n t e l e c t r i c a l  r e s i s t i v i t y  i s  one o f  s e v e r a l  su r fa c e  
g e o p h y s ic a l te c h n iq u e s  u sed  t o  ex p lo r e  su b su rfa ce  g eo lo g y . I n i t i a l l y  
u sed  by Conrad Schlum berger in  th e  e a r ly  1900' s ,  ra p id  advances have 
been made in  a p p ly in g  t h i s  tech n iq u e  t o  ground w ater in v e s t ig a t io n s ,  
p a r t ic u la r ly  s in c e  World War I I  (Zohdy and o th e r s ,  1974).
T his method o f  in v e s t ig a t io n  i s  based  on th e  f a c t  th a t  ' earth  
m a te r ia ls  w i l l  have d i f f e r e n t  r e s is t a n c e s  to  an in c r e a se d  e l e c t r i c  
c u r r e n t, p r im a r ily  due to  th e  v a ry in g  m oistu re  co n ten t o f  th e
m a te r ia ls  and d is s o lv e d  c o n s t itu e n ts  in  th e  i n t e r s t i t i a l  f l u i d  
(Oklahoma Water R esources Board, 1 9 7 5 ). R e s i s t iv i t y  w i l l  d ecrea se  
w ith  an in c r e a se  in  pore w ater or an in c r e a s e  in  th e  d is s o lv e d  io n  
c o n te n t  o f  th e  pore w ater (B ison  In stru m en ts In co rp o ra ted , 1975).
C urrent i s  a p p lie d  t o  th e  ground v ia  two m eta l probes and th e  
p o t e n t ia l  d if f e r e n c e  m easured betw een two a d d it io n a l e le c tr o d e s  to  
determ ine th e  r e s i s t i v i t y  o f  ea r th  m a te r ia ls  a t  depth . T his  
in fo rm a tio n  i s  th en  u sed  t o  determ ine su b su rfa ce  c o n d it io n s .
The u n it  o f  r e s i s t i v i t y  measure i s  ohms tim es  le n g th ; e i t h e r  
oh m -feet or ohm-meters depending on e le c tr o d e  se p a r a t io n . Approximate 
ranges o f  r e s i s t i v i t y  v a lu e s  w ould be: low , 1-100 oh m -ft ( .3 -3 0
ohm-m); medium, 100-1000 ohm-f t  (30 to  300 ohm-m) and h ig h ,
1000-10 ,000  oh m -ft (300-3000 ohm-m) (B ison  Instrum ents In co rp o ra ted , 
1975). C lean sands and g r a v e ls  would f a l l  in  th e  medium range, 
in^erm eable c la y s  in  th e  low range and bedrock in  th e  h igh  range 
( G r i f f i t h s  and K ing, 1981 ).
In th e  f i e l d ,  apparent r e s i s t i v i t y  i s  measured b ecau se th e
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g e o lo g ic  m a te r ia l i s  n e ith e r  homogeneous nor i s o t r o p ic .  Apparent 
r e s i s i t i v i t y  i s  a fu n c t io n  o f  s e v e r a l f a c to r s ;  th e  e le c tr o d e  sp a c in g , 
th e  c o n f ig u r a t io n  o f  th e  e le c tr o d e  array and th e  la y e r  th ic k n e s s ,  
a n g le  o f  d ip , a n is o tr o p ic  p r o p e r t ie s ,  and th e  tr u e  r e s i s t i v i t y  o f  th e  
su b su r fa ce  m a te r ia ls  (Zohdy and o th e r s ,  1974). The apparent 
r e s i s t i v i t y  i s  a rough average o f  th e  r e s i s t i v i t y  o f  th e  v a r io u s  
m a te r ia ls  th e  cu rren t p a s se s  through ( S o i l t e s t  In co rp o ra ted , 1979).
Good summaries o f  r e s i s t i v i t y  tech n iq u es  and a p p lic a t io n s  are  
g iv en  in  Y a z ic i g i l  and S e n d le in , 1982; G ilk eson  and C artw righ t, 1983; 
and Kehew and G roenewold, 1983. More com plete e x p la n a tio n s  o f  th eory  
and in t e r p r e t a t io n  are  p r e se n te d  in  VanNorstrand and Cook, 1966; Zohdy 
and o th e r s ,  1974; D obrin, 1976; and G r i f f i t h s  and K ing, 1981.
A p p lic a tio n  t o  Ground Water I n v e s t ig a t io n s
Many groundwater m on ito r in g  s tu d ie s  have been conducted  u s in g  
e l e c t r i c a l  r e s i s t i v i t y  te c h n iq u e s . T h is method o f  in v e s t ig a t io n  has 
proven u s e f u l  b ecau se th e  im p ressed  e l e c t r i c a l  cu rren t w i l l  fo llo w  th e  
path o f  l e a s t  r e s is t a n c e  in  th e  su b su rfa ce  and p a ss  through th e  
i n t e r s t i t i a l  f l u i d  ra th er  than th e  rock m atr ix  ( G r i f f i t h s  and King,
1981). T h erefore , d i f f e r e n c e s  in  r e s i s t i v i t y  w i l l  r e f l e c t  d if f e r e n c e s  
in  p o r o s ity ,  s a tu r a t io n  and w ater  q u a lity  ( Y a z ic ig i l  and S e n d le in ,
1982). Y z a ic ig i l  and S e n d lie n  (1982) r e f e r  t o  s u c c e s s fu l  s tu d ie s  
conducted  to  d e te c t  p o l lu t io n  from l a n d f i l l s ,  mine d ra in age , sewage 
trea tm en t e f f lu e n t s ,  s e p t ic  system s and in d u s t r ia l  p r o c e s s e s .  T his  
tech n iq u e  has a ls o  been u s e f u l  in  d e t e c t in g  s a l in e  seep s  in  
a g r ic u lt u r a l  a rea s  (H alvorson and Rhoades, 1974) and d e te c t in g  changes
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in  ground w ater  q u a l i ty  a t  rec la im ed  mine s i t e s  (Kehew and Groenewold,
1983 ).
B ison  In stru m en ts , In co rp o ra ted , 1975, I n s tr u c t io n  manual: B ison
Instrum ents ea r th  r e s i s t i v i t y  m eters : M in n eap o lis , M inn., B ison
In stru m en ts In co rp o ra ted , 19 p .
D obrin, M B. 1976, In tr o d u c tio n  to  g e o p h y s ic a l p r o s p e c t in g  (3d e d . ): 
New York, McGraw H i l l ,  630 p .
G ilk eso n , R.H. and C artw r igh t, K eros, 1983, The a p p lic a t io n  o f  su r fa ce  
e l e c t r i c a l  and sh a llo w  geotherm al methods in  m on itor in g  network 
d es ig n : Groundwater M on itorin g  R eview , v . 3 no. 3 , p . 3 0 -4 2 .
G r i f f i t h s ,  D .H ., and K ing, R .F ., 1981, A pp lied  g eo p h y sics  fo r
g e o lo g is t s  and en g in e e r s  (2d e d . ): E lm sford, New York, Pergamon
P r e ss , 224 p .
H alvorson , A .D ., and Rhoades, J .D . ,  1974, A ss e s s in g  s o i l  s a l i n i t y  and 
id e n t i f y in g  p o t e n t ia l  s a l in e - s e e p  a rea s  w ith  f i e l d  s o i l  r e s is ta n c e  
m easurem ents. S o i l  S c i .  Soc. Amer. P r o c . , v . 38 , no. 4 ,  p . 
576 -5 8 1 .
Kehew, A .E ., euid Groenewold, G .H ., 1983, Earth r e s i s t i v i t y
in v e s t ig a t io n s  in  rec la im ed  su r fa c e  l i g n i t e  mine s p o i l s :  North
Dakota G e o lo g ic a l Survey Rpt. In v . 77 , 92 p .
Oklahoma Water R esources Board, 1975, S a lt  w ater d e te c t io n  in  th e  
Cimarron T erra ce , Oklahoma, E P A -660/3-74-033: C o r v a ll is ,  O r e .,
U .S . Environm ental P r o te c t io n  Agency O ff ic e  o f R esearch and 
Developm ent, 166 p .
S o i l t e s t  In co rp o ra ted , 1979, Earth r e s i s t i v i t y  manual: E vanston,
1 1 1 . , S o i l t e s t  In co rp o ra ted . 48 p .
VanNorstrand, R .G ., and Cook, K .L ., 1966, I n te r p r e ta t io n  o f
r e s i s t i v i t y  data: U .S . G eo l. Survey P r o f . Paper 499, 310 p .
Y a z ic i g i l ,  Hauisan, and S e n d le in , L .V .A ., 1982, S u rface g e o p h y s ic a l
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APPENDIX F
ANALYTICAL METHODS USED BY THE MONTANA STATE DEPARTMENT OF 
HEALTH AND ENVIRONMENTAL SCIENCES CHEMISTRY LABORATORY 
AND THE NORTH DAKOTA STATE DEPARTMENT OF HEALTH 
PUBLIC HEALTH LABORATORY
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L aboratory Technique
Param eter Montana North Dakota
a lk a l i n i t y EP^  ̂ 31 0 .2  
PE e m iss io n  
sp ectroh otom etry
SM̂ 403
ca lc iu m
c h lo r id e EPA 325.1 SM 407A
conduct i v i t y EPA 120.1 EPA 120.1
f lo u r id e - EPA 3 40 .2
ir o n - EPA 236.1
magnesium PE em iss io n  
sp ectrop h otom etry
EPA 242.1
manganese - EPA 243.1
pH EPA 150.1 EPA 150.1
p otassiu m EP^ 258 .1 EPA 258.1
sodium PE atom ic  
e m iss io n  sp e c .
EPA 273.1
s u l f a t e EPA 3 75 .2 EPA 3 75 .2
U .S . E nvironm ental P r o te c t io n  Agency, Methods fo r  ch em ica l 
a n a ly s is  o f  w ater and w a ste s  (C in c in n a t i,  Ohio: U .S . Environm ental
P r o te c t io n  Agency, 1979 ), 430 p .
2
American P u b lic  H ealth  A s s o c ia t io n , American Water Works
A ss o c ia t io n , and Water P o l lu t io n  C on tro l F ed e r a tio n , Standard methods 
fo r  th e  exam ination  o f  w ater and w astew ater 15th ed . (New York: 
American P u b lic  H ealth  A s s o c ia t io n ,  1980 ), 1200 p .
^Perkin-Elm er C orp oration , I n s tr u c t io n s  fo r  ICP/5500 In d u c t iv e ly  
Coupled Plasma System s (N orwalk, Conn.: Perkin-E lm er C orp oration ,
1982).
Perkin-E lm er C orp ora tion , A n a ly t ic a l  Methods 
A dsorption  Spectrophotom etry (Norwalk, Conn: 
C orp oration , 1982).
fo r  Atomic 
Perkin-E lm er
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APPENDIX G
MONITORING WELL FIELD LOGS FOR STUDY SITES ONE AND TWO
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L o c a t io n :  S i t e  One W e ll 2
lo g :  0 -  3* brown-gray s i l t y  f - c o  grn sb ang-sb rd  sand
3 -  5 g r a v e l (up t o  3 .5  cm)
5 - 8  dk gray m-co grn sbang-rd  sand, t r  s i l t ,  t r
fgrn  sand, some g r a v e l (up to  2 .5  cm)
8 - 1 5  I t  brn s i  s i t l y  f-m  grn sbang-rnd w sr t sand,
some m ica occ  co -v co  sand, t r  c la y
L ocation : S i t e  One W ell 3
lo g : 0 -  7* brown-gray s i l t  w ith  some med-co sand and some
wrd g r a v e l (up t o  2 .5  cm)
7 - 1 2  gray s i l t y  m d-vco, sb rd -rd  sand and wrd g ra v e l
(up to  4 .5  cm)
12 -  14 wrd g r a v e l (up to  5 cm) w ith  t r  s i l t  and sand
14 -  18 brown-gray s i l t y ,  c la y e y , m-co sandy g r a v e l (up
to  3 cm)
L ocation : S i t e  One W ell 4
lo g : 0 -  2* b rn-gray s i l t  w ith  f - c o  grn sbang-sbrnd sand
occ vco grn sand and sm a ll g r a v e l  
2 -  7 g r a v e l (up t o  7 cm)
7 - 1 2  brn-gray s i  s i l t y  f -v c o  grn sbang-rnd sand w ith
some g r a v e l (up t o  3 cm)
1 2 - 1 5  I t  b m  v s l  s i l t y  f-m  grn sbang-sbrnd w srt sand
o cc  c o -v co  sand, t r  m ica, t r  c la y
L ocation;
lo g :
S i t e  One W ell 5
0 -
4 -  
8 -
4*
8
15
sandy, c la y e y  s o i l  
g r a v e l
CO sand, partly clayey with gravel (wet)
- 1 3 8 -
L o c a tio n ;
lo g :
L ocation:
lo g ;
S i t e  Two W e ll 2
0 -  7* brn sandy c la y e y  s i l t
7 -  8 brn s i l t y  c la y
8 -  9 brn s i l t y ,  s i  c la y e y  f-m  grn sbang-rd  w srt sand
9 - 1 5  I t  gray sand a /a  w ith  c o a l
S i t e  Two W ell 3
0 - 3 '
3 - 7
7 - 1 8
brn sandy c la y e y  s i l t  
bm  c la y  w ith  s i l t  t r  sand  
I t  brn s i l t y  s i  c la y e y  f-m  
sand abdun c o a l
grn sbang-rd  w rst
L ocation:
lo g :
S i t e  Two W ell 4
0 -  S' brn sandy c la y e y  s i l t
5 -  6 brn s i l t y  v f - f  grn sandy c la y
6 -  9 brn s i l t ,  fg r  sand and c la y
9 - 1 5  I t  brn s i l t y  s i  c la y e y  f-m  grn sbang-rd  w srt
sand c o a l
L ocation:
lo g :
S i t e  Two W ell 5
0 -  
3 -
7 -
8 -
3'
7
8 
15
brn sandy c la y e y  s i l t
brn s i l t y  v f - f  g m  sandy c la y
brn s i l t ,  f  g m  sand and c la y
I t  brn s i l t y  c la y e y  f-m  grn sbang-rd  w srt sand, 
c o a l
- 1 3 9 -
APPENDIX H
EXPLANATION AND DIRECTIONS FOR USE OF QUANTAB CHLORIDE TITRATORS
- 1 4 0 —
QUANTAB* CHLORIDE TITRATORS
INFORMATION SUMMARY
g e n e r a l
i n t r o d u c t i o n  GUANTA0 C h lo n d e  T itralo rs a re  
co nvpn ion i 'n e a s u n n g  je v ic e s  tor sa lt (ch lo ride) m 
a q u e o u s  so tu n o n s  or d ilu te  a q u e o u s  e x trac tio n s  of 
so lids in th a  aoOrOYimale ran g es  Irom  0 1 % (60 oom  
C l~ )  lo s a tu ra ti >n o t NaCi Q U A N T A B T itratorsareself- 
ac ting  an d  p ro v id e  reco rd e d  o b ieq tive  re su lts  whicft 
a rc  e a sy  to  re a d  a n d  in te rp re t m to  m eanm qtu i a n sw ers  
w hfM ' m onito ring  salt co nc rrn ira lion  is im oortan t
PRODUCT
IDENTIFICATION
QUANTAB C hloride 
Titrator N o 1176
QUANTAB C hloride 
T itrator N o 1176
QUANTAB C hloride 
T itrator N o 1177
APPROXIMATE 
riTRATtON RANGE
.11 - . to  0  08% NaCi 
dO to 480 pom  C l~
1) 6 ^ 1 0  0  6 % N a C l-  
30 0  to  3 ,600  oom  Cl ~  
[With d ii-Jlion /ex traclion  
p ro c e d u re  u p  to 
6  0% NaCi o r 
36 0 0 0  ppm  C I - )
0  6 % to 6  4% N a C l-  
3 6 0 0  to  3 8 .4 0 0  oom  Cl~ 
lU p to sa tu ra tion  
with d iiu 'io n  )
APPLICATIONS The QUANTAB m e th o d  for m e a su r­
ing ch lo r id e s  em p loys  a  d ire c t in te rac tion  o l ch lo ride  
with s ilver d ic h ro m a te  O ich rom aie  is a  Ireq u en tly  
em p loyed  indicator for titralion  ol ch lo rid e  w ith sil­
ve r sa lts
QUANTAB C hloride T itrators m ay b e  u s e d  w h en ev e r 
salt [ch loride) m e a su re m e n t lor con tro l is im portan t
L isted  below  a re  th re e  in d u s trie s  in w hich  QUANTAB 
IS b e in g  u s e d  successfu lly
1 C hem ical 2 F iiod 3 P e tro leum
A dditional u se  o r app lica tion  in fo rm ation  is ava ilab le  
upon  req u es t
PREPARATION O F TEST SOLUTION S
G ood  ro su lls  w ith OUANTAB C hloride T itra 'o rs  may
be  ac h iev ed  by to ilo w n g  th e se  in s tru c tio n s  carefully.
For A queous S am p les
M easu re  d irec tly  by us ing  th e  ap p ro p ria te  QUANTAB 
C hloride Titrator an d  carefu lly  following th e  sec tio n  
h e a d e d  D IRECTIONS A q u e o u ssa rn p ie sc o n ta in in g  
m ore salt than h e O  JANTAB u p p e r l i r  t can  b e  m e a s ­
u red  A .th QUAtJTAO C hloride T itrators by d ilu ting  th e  
sam p le  to  b e  te s te d  b e fo re  perfo rm ing  th e  m e a s u re ­
m en t To obta in  th e  c o rre c t value of sa lt c o n te n t b e fo re  
dilution m ultiply resu lt on QUANTAB ca lib ra tion  ta b le  
by th e  dilution fac to r
For Solid  o r S em i-S o lid  S am p les
U se D H ution /E itrac tion  P ro c e d u re  B elow
1 Mix o r grind  a re p re s e n ta tiv e  portion  of solid or 
sem i solid p ro d u c t thus dividing th e  p ro d u c t in to  
sm all p a rtic les  to  in su re  ex trac tio n  of salt
2 W eigh 10 g ram s of fine ly-d iv ided  p ro d u c t a n d  p la c e  
in a  su itab le  co n ta in e r
3 A dd 9 0  ml boilm g w ate r S tir m ix tu re  v igorously  for 
3 0  se c o n d s , then  wait o n e  m in u te  an d  stir a n o th e r  
30  s e c o n d s  to  o b ta in  a g o o d  ex trac tio n  of salt from 
th e  sam p le  i D ilution facto r is 10 !
4 Fold  filter p ap e r c irc le  m half tw ice o p e n  into 
c o n e -sh a p e d  cu p  and  p lace  cu p  m to ex traction  
so lu tion  to  co llec t a few d ro p s  of filtrate solution 
in s id e  cu p  b e fo re  perto rm ing  te s t
d i r e c t i o n s
1 P lace  low er  e n d  of OUANTAB in th e  so: .:.cn  ;o  be  
te s te d  (Im m ersion  of en tire  QUANTAB ’ p 'e -  
trigger com p letion  signal )
2 Allow te s t so lu tion  to  sa tu ra te  co lum n T h tsisaccom - 
p u sh ed  tw o m in u te sa f te r  th e  yellow te s t co m p le tio n  
signal a c ro ss  th e  to p  of th e  colum n b eg in s  to  tu rn  
dark  b lue  This usually  re q u ire s  a b o u t 20 m in u tes
3 R esu lts  m ay b e  re a d  from 30  se c o n d s  to  5  m in u te s  
a fte r  co m p le te  signal co lo r ch a n g e  o c c u rs  (S trip  
e x c e s s  fluid o u t o p e n  e n d  to  m ak e  te s t  re s u l t  
p e rm a n e n t I
INTERPRETATION O F REACTION
1 R ec o rd  QUANTAB read in g  'o  th e  n e a re s t one-half 
division on  th e  n u m b e re d  sca le  at th e  ^  of the 
w hite  color ch a n g e
2 C onvert QUANTAB read in g  to  p e rc e n t salt or ppm 
ch lo rid e  (mg. c h lo rid e  p e r  liter) usm g th e  ca lib ra­
tion  tab le  on  th e  re v e rs e  side.
3 If s am p le  h as  b e e n  d ilu ted , m ultiply resu lt on  ca li­
bration  tab le  by d ilution fac to r to  ob ta in  salt c o n te n t 
of sam p le
TECHNICAL
CHEM ISTRY' QUANTAB C hloride T itrato rs co n s is t of 
a  thin, chem ica lly  m e n  p la stic  s trip  L am ina ted  w ithin 
th e  s trip  is a  cap illary  co lu m n  im p reg n a ted  w ith silver 
d ich ro m ate  W hen QUANTAB C hloride T itrators a re  
p laced  in a q u e o u s  so lu tions, fluid will r ise  m th e  colum n 
by capillary  ac tion  an d  c o n tin u e  to  p ro g re s s  av icng  
a s  ch lo rid e  so lu tion  e n te rs  th e  co lum n T he reac tion  
of silver d ich ro m ate  with ch lo rid e  'sa lt)  p ro d u c e s  a 
w hite co lo r c h a n g e  m th e  capillary co lum n W hen the 
capillary co lum n  is co m p lete ly  s a tu ra te d  a m oistu re- 
sen sitiv e  Signal a c ro ss  th e  to o  of th e  colum n tu rn s  
dark  b lu e  and  th e  ch lo ride  c o n c en tra tio n  h as  then  
b e e n  m e a su re d  as  silver ch lo rid e  T he reac tion  tha t 
ta k e s  p la ce  m th is  m e a su re m e n t can  b e  exp la ined  by 
th e  chem ica l eq u a tio n
A g ,C r ,0 , * 2NaCl 
(Brow n)
Na?Cr ;0* ■ 2AgCI 
(W hite;
T he le n g th  o f th e  w hite  co lo r c h a n g e  -n th e  cap illary  
co lum n IS proportional to ch lo rid e  c o n c en tra tio n
SPECIFIC ITY  F o r th e  a p p lica tio n  d e s c  o ed  
OUANTAB C hloride T itrators  a re  sp ec ih c  for c h lo ­
rides. B rom ides, iod ides. S u lfides, s tro n g  ac id s  and  
s tro n g  b a s e s  ca n  r e a c t  w ith  QUANTAB C h io r .d e  
T itrators. how ever, they  a re  n o t p re s e n t m m o st s a m ­
p le s  to  b e  te s te d  in su fficien t am o u n ts  to  a ffe c t te s t 
resu lts. N itrite  a n d  n itra te  h av e  no  e ffec t on  th e  te s t
1137AD PRINTED  IN U S  A. 12 R ev ise d  7. 79
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PEA FO m M A N C e TIPS
G ood  R esu tls  m #y o #  e x p e c te d  us ing  th e  OUANTAB accord ing  to  the  o irect.ons O ccasionally  u nusual •■esui* > rra> 
occur. T he follow m g id e a s  will he lp  reso lv e  p ro b lem s w hich may a n s e
Low R esu lts: C a u se d  by  in com ple te  ex trac tio n  of salt, p lugged wick variab le product
R eso lv e d  by m ore  c o m p le te  m ixing filtering, pm ho le  in signal (yellow area) an d  recaiio ra tion
H igh R esu lts; C au sed  by variab le  p roduct or o v e r  easy  ex traction
R eso lv e d  by  reca tib ra tion . o r  usm g 10% m ore w ater for extraction
S low  R eac tio n  o r  C au se d  by sam p le  p lugging, sea led  off signal, o r co m p ressed  wick
N o  C om ptebon : R eso lv e d  by  filtering a n d /o r  la rg er dilution, pm  ho le  m signal ho t w ater
In a c c u ra te  H igh R ea d in g s  a b o v e  7 o n  th e  OUANTAB sca le  will c ove r a broad, som etim es u n ac cep ta b le  sp read  
R ead in g s; A lw ays read  re su lts  below  7 0  oy  ch o o s in g  ap p ro p n a te  O u a n TAB o r diluting.
V ariable R esu lts  N o n -rep re sen ta tiv e  sam p les  or v ariab le  p roduct B e  su re  sam ple and  m ix tu re a re  co rrec t
R eca iib ra ie  b a tch
If te ch n ica l q u e s tio n s  arise , w n te  o r call V enture S y stem s  A m es Division. M iles L aborato ries Inc i i 2 7  Myrtle 
S tre e t. P O  Box 70 E lkhart, Ind iana  46515 U S A .  T e lephone (219) 264-6534
CALIBRATION TABLE
B e s u re  co n tro l nu m b er for ta b le  c o r re s p o n d s  to  bo ttle  label con tro l n um ber This tab le  is m ad e  from  rep resen ta tiv e  
s a m p le s  o f th e  b a tch  Sm all v aria tions  from  tab le  m ay b e  n o te d  w ithm any batch. F or g rea te r  accu racy  recaiibration  
by  u s e r  is s u g g e s te d .
OUANTAB c h l o r i d e  TITRATOR 1 1 7 6
C alibration a t tim e of m anu fac tu re
OUANTAB N aCi in so lu tion  a s  
R ea d in g  % NaCt ppm  C i~  
mg. 0 - / L
OUANTAB NaCt m solu tion  a s  
R ead ing  % NaCt ppm  C l~
mg. 0 “ /L
CONTROL NO 0192119A
QUANTAB N aO  m solution a s  
R eading  % NaCt ppm  C l~
m g a ~ / L
1.0 U.025 148 4.0 0.189 1130
1.2 0.032 190 4.2 0.21 1230
1.4 0.039 233 4.4 0.22 1340
1.6 0.046 279 4.6 0.24 1450
1.8 0.055 329 4.8 0.26 1570
2.0 0.064 384 5.0 0.28 1700
2.2 0.074 441 5.2 0.31 1840
2.4 0.084 501 5.4 0.33 1980
2.6 0.094 564 5.6 0.36 2140
2.8 0.105 630 5.8 0.38 2310
3.0 0.117 700 6.0 0.41 2490
3.2 0.130 780 6.2 0.45 2680
3.4 0.144 860 6.4 0.48 2900
3.6 0.158 950 6.6 0.52 3130
3.8 0.173 1040 6.8 0.56 3370
7,0 0.61 3630
7.2 0.65 3910
7.4 0.70 4220
11/15/79
Ames Division. Miles Laboratories. Inc., PO. Box 70. Elkhart Indiana 46515
0 1 9 7 9  M iles L abora to ries. Inc.
— 142—
APPENDIX I 
MONTHLY HEAD MEASUREMENTS FOR 
MONITORING WELLS AT STUDY SITES ONE AND TWO
- 1 4 3 -
T able 1. Monthly head data fo r  m on itor in g  w e l l s  a t  Study S i t e s  One 
and Two. E le v a t io n s  are f e e t  above an a r b itr a r y  su b su rface  
datum. Numbers marked by an a s t e r i s k  r e f l e c t  m ista k es in  
measurement and were not in c lu d ed  in  any c a lc u la t io n s  u s in g  
t h i s  d a ta .
S i t e  & 1982 1983
W ell Aug Sept Oct Jan Feb Mar Jun
1-1 91 .4 0 9 1 .4 4 9 0 .3 3 89 .4 3 89 .33 89 .23 89 .2 4 9 1 .16
1-2 93 .8 0 9 1 .7 2 9 0 .5 8 89 .5 5 89 .4 5 8 9 .35 89 .4 5 92 .10
1-3 90 .27 91 .1 4 89 .6 4 89 .5 5 89 .05 89 .55 86 .01* 90 .79
1-4 90 .70 9 1 .9 2 90 .78 89 .7 5 8 9 .6 5 89 .55 8 9 .58 91.61
1-5 — 9 0 .7 6 90 .4 5 89 .33 89 .23 89 .13 89 .20 91 .05
2-1 —— — — — *** 90 .29 89 .99 90.49* 89.01
2 -2 — — — 90 .3 4 9 0 .34 89 .74 89 .20
2 -3 ----- — 9 0 .3 8 9 0 .0 8 89 .58 89 .00 — —
2 -4 ——— — 90.28 8 9 .8 8 89 .3 8 88 .87 “ ——
2-5 — — ——— — — 90.47 90 .2 7 8 9 .7 7 89 .2 7 — ——
2-6A — — — — 9 0 .4 8 9 0 .1 8 8 9 .6 8 8 9 .1 6 — ——
2-7 ——— — — — — 90 .6 8 9 0 .4 8 8 9 .9 8 8 9 .43 — — “
- 1 4 4 —
APPENDIX J
TABLES OF WATER CHEMISTRY DATA FOR STUDY SITES ONE AND TWO
— 145—
Table 1. August 1982 water sample analyses for Site One. Analyses
were performed by the Montana State Department of Health
laboratory.
I
Parameter well 1 well 2 well 3 well 4 ditch abv. ditch blw units
calcium 85.3 93.1 124.8 70.3 57.2 56.9 mg/1
magnesium 38.1 31.6 70.0 40.8 35.6 35.5 mg/1
sodium 114.0 102.4 285.7 109.6 84.3 84.2 mg/1
potassium 6.8 6.4 11.4 7.9 6.0 6.1 mg/1
bicarbonate 436.8 424.6 510.0 429.4 306.2 305.0 mg/1
carbonate 0.0 0.0 0.0 0.0 0.0 0.0 mg/1
chloride 14.5 13.5 368.0 14.6 17.0 17.5 mg/1
sulfate 230.0 195.0 250.0 215.0 190.0 190.0 mg/1
pH 7.77 7.69 7.78 7.86 8.25 8.21 -
TDS 925.0 866.6 1619.9 887.6 696.3 695.2 mg/1
conductivity 1139.0 1085.0 2312.0 1118.0 907.0 911.0 umhos/cm
hardness 370 363 600 344 289 288 mg/1
alkalinity 358 348 418 352 251 250 mg/1
SAR 2.6 2.3 5.1 2.6 2.2 2.2 -
Table 2. September 1982 water sample analyses for Site One. Analyses were performed
by the Montana State Department of Health laboratory.
■«J
I
Parameter well 1 well 2 well 3 well 4 well 5 ditch abv. ditch blw. units
calcium 89.2 67.2 89.6 93.0 156.8 58.3 58.9 mg/1
magnesium 35.4 40.8 49.5 33.5 60.1 29.6 29.5 mg/1
sodium 113.6 111.2 241.9 96.4 261.0 81.3 81.0 mg/1
potassium 7.4 8.0 10.1 6.2 13.4 5.8 5.8 mg/1
bicarbonate 392.8 395.3 475.8 419.7 383.1 290.4 283.0 mg/1
carbonate 0.0 0.0 0.0 0.0 0.0 0.0 0.0 mg/1
chloride 29.0 14.8 200.0 14.5 450.0 17.5 17.5 mg/1
sulfate 225.0 235.0 250.0 195.0 225.0 190.0 195.0 mg/1
pH 7.81 7.95 8,04 7.89 7.78 8.28 8.06 -
TDS 892.4 872.3 1316.9 858.3 1549.4 672.9 670.7 mg/1
conductivity 1190.0 1136.0 1825.0 1112.0 2357.0 886.0 882.0 umhos/cm
hardness 368 336 428 370 639 267 269 mg/1
alkalinity 322 324 390 344 314 238 232 mg/1
SAR 2.6 2.6 5.1 2.2 4.5 2.2 2.2 -
Table 3. Site One chloride analyses, June analyses were performed 
by the North Dakota Public Health laboratory, all others 
by the Montana State Department of Health laboratory (all 
units are in mg/1).
sample Oct 82 Jan 83 Feb 83 Mar 83 Ap 83 Jun 83
well 1 33.5 27.8 19.1 20.7 106. 25.0
well 2 15.0 15.7 16.5 17.6 18.7 16.0
well 3 560. 600. 600. 321. 220. 150.
well 4 18.7 22.8 26.0 26.3 28.6 44.0
well 5 
ditch
445. 264. 192. 161. 214. 395.
above
ditch
66.0 — — — 20.2 21.0
below
further
62.0 — — — 20.2 23.0
below - - - - 20.4 22.0
HaIvorson 25.0 - - - - -
Ashcraft 14.5 - - -• - -
Schmidt 11.5 - - - - -
Meuler 16.9 - - - - -
Kling 13.6
Table 4. Site One sulfate analyses. June analyses were performe<
by the North Dakota Public Health laboratory. all other;
by the Montana State Department of Health laboratory {a. 
units are in mg/1).
sample Oct 82 Jan 83 Feb 83 Mar 83 Ap 83 Jun 83
well 1 217 217 225 225 240 237
well 2 229 227 240 244 250 236
well 3 265 252 260 259 260 264
well 4 217 218 218 220 231 252
well 5 
ditch
234 223 231 240 249 247
above
ditch
134 — — 285 169
below
further
158 — — 285 172
below - - - - 281 173
HaIvorson 265 - - - - -
Ashcraft 187 - - - - -
Schmidt 193 - - - - -
Meuler 205 - - - - -
Kling 2 0 1 - - - - -
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Table 5. August 1982 water sample analyses for Site Two. Analyses were performed by
the Montana State Department of Health laboratory.
VO
I
Parameter well 1 well 2 well 3 well 4 well 5 unit!
calcium 153.0 131.0 88.7 102.0 144.0 mg/1
magnesium 121.0 113.0 79.1 86.9 77.7 mg/1
sodium 185.0 145.0 99.0 115.0 134.0 mg/1
potassium 6.7 7.9 8.1 8.1 6.0 mg/1
bicarbonate 738.1 744.2 634.4 652.7 671.0 mg/1
carbonate 0.0 0.0 0.0 0.0 0.0 mg/1
chloride 238.0 37.0 19.0 27.5 31.0 mg/1
sulfate 290.0 400.0 220.0 320.0 370.0 mg/1
pH 7.81 7.67 8.11 7.79 7.66 -
TDS 1731.8 1576.1 1148.3 1312.2 1433.7 mg/1
conductivity 2225.0 1798.0 1422.0 1598.0 1709.0 umhoî
hardness 880 792 547 612 679 mg/1
alkalinity 605 610 520 535 550 mg/1
SAR 2.7 2.2 1.8 2,0 2,2 -
T a b le  6 .  S e p te m b e r  1982 w a te r  q u a l i t y  a n a ly s e s  f o r  S i t e  Two. A n a ly s e s  w ere  p e r fo rm e d  by
t h e  M ontana  D e p a r tm e n t o f  H e a l th  l a b o r a t o r y .
Lno
t
Parameter well 1 well 2 well 3 well 4 well 5 well 6 well 7 units
calcium 134.7 111.5 99.4 103.4 142.6 854.0 3540.0 mg/1
magnesium 110.1 113.4 80.0 85.5 76.3 458.0 816.0 mg/1
sodium 180.0 139.7 101.4 115.1 128.7 1413.0 5886.0 mg/1
potassium 6.3 7.6 9.1 8.1 5.5 27.5 160.0 mg/1
bicarbonate 746.6 771.0 546.6 666.1 668.6 359.9 248.9 mg/1
carbonate 0.0 0.0 0.0 0.0 0.0 0.0 0.0 mg/1
chloride 112.0 23.8 21.7 24.5 26.2 4700.0 17750.0 mg/1
sulfate 380.0 350.0 295.0 312.0 390.0 405.0 225.0 mg/1
pH 7.82 7.67 7.87 7.67 7.6 7.71 7.24 -
TDS 1669.7 1517.0 1153.2 1315.0 1437.9 8217.4 28625.9 mg/1
conductivity 1999.0 1732.0 1525.0 1630.0 1736.0 12393.0 36940.0 umhos/cm
hardness 790 745 578 610 670 4018 12200 mg/1
alkalinity 612 632 448 546 548 295 204 mg/1
SAR 2.8 2.2 1.8 2.0 2.2 9.7 23.2 -
Table 7, Site Two chloride analyses. All analyses were performend 
by the Montana State Department of Health laboratory (all 
units are mg/1).
sample site Jan 83 Feb 83 Mar 83 Ap 83
well 1 200. 107. 110. 187.
well 2 29.5 28.2 27.6 30.4
well 3 24.0 22.1 22.5 24.5
well 4 30.0 29.8 33.4 35.0
well 5 27.4 29.0 30.0 45.6
well 6A 4000. 3760. 6200. 8140.
well 7A 3300. 3200. 3380. 3290.
Table 8. Site Two sulfate analyses. 
by the Montana Department of 
units are in mg/1).
All analyses were ] 
Health laboratory
sample site Jan 83 Feb 83 Mar 83 Ap 83
well 1 450 510 418 405
well 2 450 430 387 380
well 3 415 390 341 320
well 4 380 390 361 375
well 5 455 470 418 430
well 6A 470 440 394 415
well 7A 400 360 316 330
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APPENDIX K
TABLES OF APPARENT RESISTIVITY AND COMPUTER INTERPRETED 
LAYERING AND RESISTIVITY DATA FOR ALL STUDY SITES
-1 5 2 -
A p p a re n t  R e s i s t i v i t y
a - s p a c i n g  ( f t )  o h m -f t
S i t e  One S ta t io n  1
5
10
15
20
25
30
35
40
302
653
764
883
1060
1154
1036
1101
C o n ç u te r  I n t e r p r e t e d
l a y e r  d e p th  ( f t )  o h m -f t
1.7
2 .9
6 .4
119
256
1983
1805
S i t e  One S ta t io n  2
5 358 2 .2 538
10 469 3.1 174
15 723 4 .1 81
20 934 7 .5 812
25 1041 10.7 10134
30 1039 19.5 1780
35 996 753
40 945
S i t e  One S ta t io n  3
5 415 4 .8 319
10 647 8 .7 1541
15 828 18.6 3015
20 1015 949
25 1156
30 1221
35 1258
40 1206
S it e  One S ta t io n  4
5 162 2 .4 78
10 294 3 .9 257
15 377 4 .7 2754
20 417 2 7 .0 504
25 446 3126
30 486
35 554
40 650
- 1 5 3 -
A p p a re n t  R e s i s t i v i t y
a - s p a c i n g  ( f t )  o h m -f t
S i t e  One S ta t io n  5
5 248
10 405
15 533
20 672
25 799
30 899
35 930
40 966
Computer Interpreted
layer depth (ft) ohm-ft
3 .3
5 .0
8 .9
24.1
176
291
996
1640
1285
S i t e  One S ta t io n  6
5 234
10 365
15 511
20 631
25 763
30 890
35 1025
40 1073
4 .9
10 .2
19.8
187
687
2888
1790
S i t e  One S ta t io n  7
5 619
10 892
15 1121
20 1234
25 1286
30 1353
35 1476
40 1520
3 .7
8 .5
488
1221
1766
S i t e  One S ta t io n  8
5 280
10 295
15 428
20 557
25 660
30 745
35 803
40 865
2 .9
4 .9  
9 .8
247
185
308
1597
- 1 5 4 -
A p p a re n t  R e s i s t i v i t y
a - s p a c i n g  ( f t ) o h m -f t
S i t e  One S ta t io n  9
5
10
15
20
25
30
35
40
69
106
167
218
273
322
352
404
C om puter I n t e r p r e t e d
l a y e r  d e p th  ( f t )  o h m -f t
5 .0
11.6
17.8
56
176
1142
5822
S i t e  One S ta t io n  10
5 202
10 303
15 370
20 420
25 448
30 458
35 477
40 485
3 .7
6 .9
2 9 .4
162
404
587
494
S i t e  One S ta t io n  11
5 308
10 572
15 751
20 871
25 892
30 978
35 990
40 1008
3 .3
4 .5
15.0
187
495
2213
948
S i t e  One S ta t io n  12
10 51
20 74
30 94
40 133
9 .9
2 5 .4
43
101
981
- 1 5 5 -
A p p a re n t  R e s i s t i v i t y
a - s p a c i n g  ( f t )  o h m -f t
S i t e  One S ta t io n  13
S i t e  One S ta t io n  14
S i t e  One S ta t io n  15
S i t e  One S ta t io n  16
C o n p u te r  I n t e r p r e t e d
l a y e r  d e p th  ( f t )  o h m -f t
5 219 3 .2 313
10 126 4 .9 152
15 128 16.1 104
20 111 3 2 .6 73
25 99 410
30 111
35 125
40 138
5 300 3 .4 181
10 536 4 .6 434
15 728 10.4 3894
20 859 2 2 .9 1302
25 927 563
30 1008
35 1012
40 995
5 219 3 .4 128
10 422 4 .6 316
15 631 7 .8 4506
20 829 8 .2 46893
25 1007 2493
30 1150
35 1245
40 1320
5 581 2 .5 316
10 1093 4 .2 703
15 1414 13.6 3802
20 1508 26 .3 2111
25 1634 1168
30 1738
35 1790
40 1759
— 156—
A p p a re n t  R e s i s t i v i t y
a - s p a c i n g  ( f t )  o h m -f t
S i t e  One S ta t io n  17
S i t e  One S ta t io n  18
S i t e  One S ta t io n  19
Conputer Interpreted
layer depth (ft) ohm-ft
5 230 2 .3 142
10 388 5 .3 323
15 464 1135
20 627
25 732
30 792
35 800
40 839
5 133 3 .3 122
10 133 9 .9 169
15 122 27 .5 62
20 118 29 .5 565
25 111 1970
30 119
35 132
40 153
5 349 2 .8 255
10 493 30 .9 659
15 537 429
20 579
25 608
30 611
35 594
40 578
S i t e  One S ta t io n  20
5 16
10 23
15 37
20 46
25 53
30 70
35 75
40 88
n /a
- 1 5 7 -
A p p a re n t  R e s i s t i v i t y
a - s p a c i n g  ( f t )  o h m -f t
S i t e  One S ta t io n  21
5 23
10 15
15 17
20 24
25 33
30 45
35 51
40 73
C o irp u te r I n t e r p r e t e d
l a y e r  d e p th  ( f t )  o h m -f t
n /a
S i t e  One S ta t io n  22
5 58
10 20
15 18
20 23
25 28
30 38
35 44
40 50
n /a
S i t e  One S ta t io n  23
5 108
10 130
15 125
20 133
25 135
30 182
35 176
40 209
n /a
S i t e  One S ta t io n  24
5 237 3 .4 139
10 464 4 .6 336
15 688 15.4 4508
20 886 2684
25 1073
30 1214
35 1322
40 1407
- 1 5 8 -
A p p a re n t  R e s i s t i v i t y
a - s p a c i n g  ( f t )  o h m -f t
S i t e  One S ta t io n  25
5 763
10 1370
15 1800
20 2124
25 2340
30 2243
35 2091
40 1930
C o itp u te r  I n t e r p r e t e d
l a y e r  d e p th  ( f t )  o h m -f t
3 .2  
4 .1
8 . 0
23 .2
414
1902
13503
2584
357
S i t e  One S ta t io n  26
5
10
15
20
25
30
35
40
286
494
623
729
826
884
915
897
3 .5
5.1
6 . 2  
2 0 . 0
208
312
1570
1694
880
S i t e  One S ta t io n  27
5 141
10 232
15 308
20 369
25 408
30 433
35 457
40 480
3 .6
4 .8
103
159
682
S i t e  One S ta t io n  28
5 192 3 .4 137
10 330 4 .9 235
15 434 2 6 .9 863
20 505 1401
25 556
30 586
35 628
40 701
- 1 5 9 -
A p p a re n t  R e s i s t i v i t y
a - s p a c i n g  ( f t )  o h m -f t
S i t e  One S ta t io n  29
S i t e  One S ta t io n  30
S i t e  One S ta t io n  31
S i t e  One S ta t io n  32
Conputer Interpreted
layer depth (ft) ohm-ft
5 421 3 .4 312
10 697 5 .4 511
15 828 27 .7 1459
20 1002 4771
25 1092
30 1216
35 1365
40 1495
5 377 2 .4 236
10 624 4 .9 443
15 809 11.2 1680
20 1063 2454
25 1225
30 1432
35 1449
40 1531
5 1520 2 .2 691
10 2186 3.1 3126
15 2516 9 .2 5623
20 2878 1631
25 2466
30 2281
35 1900
40 1872
5 418 2 .4 194
10 804 3 .8 529
15 1056 4 .5 25988
20 1282 21 .2 2326
25 1378 1116
30 1483
35 1436
40 1448
— 160“
A p p a re n t  R e s i s t i v i t y
a - s p a c i n g  ( f t )  o h m -f t
S i t e  Two S ta t io n  1
2 75
4 80
6 83
7 79
8 85
9 79
10 82
11 90
12 90
13 90
14 97
15 94
20 88
25 96
C o n p u te r  I n t e r p r e t e d
l a y e r  d e p th  ( f t )  o h m -f t
7 .3 77
13.5 95
19.7 105
124
S i t e  Two S ta t io n  2
2 56
4 57
6 60
7 60
8 61
9 61
10 62
11 64
12 67
13 67
15 70
20 74
6 .9
10.3
56
76
83
S i t e  Two S ta t io n  3
2 71 0 .6 43
4 84 2 .3 92
6 75 9 .8 71
7 76 11.6 116
8 77 123
9 78
10 79
11 80
12 82
13 84
14 85
15 88
20 93
25 97
- 1 6 1 -
A p p a re n t  R e s i s t i v i t y
a - s p a c i n g  ( f t )  o h m -f t
S it e  Two S ta t io n  4
S i t e  Two S ta t io n  5
Corrputer Interpreted
layer depth (ft) ohm-ft
2 12 1.4 12
4 8 7 .0 7
6 7 16.8 11
7 6 7
8 7
9 8
10 9
11 10
12 10
15 9
17 10
20 10
25 9
2 45 4 .5 44
4 47 7 .9 54
6 46 9 .9 55
7 48 14.7 44
8 47 24
9 46
10 46
11 48
12 47
15 44
20 39
S i t e  Two S ta t io n  6
4 55
6 60
7 61
8 65
9 67
10 70
11 72
12 75
15 85
20 85
4 .4 51
90
— 162—
A p p a re n t  R e s i s t i v i t y
a - s p a c i n g  ( f t )  o h m -f t
S i t e  Two S ta t io n  7
4
6
7
8 
9
10
11
12
15
20
61
56
57
55
56
56
57
56
57 
63
C o n p u te r  I n t e r p r e t e d
l a y e r  d e p th  ( f t )  o h m -f t
3 .0
12.3
65
49
96
S i t e  Two S ta t io n  8
4 46
6 50
7 52
8 52
9 56
10 59
11 61
12 62
15 69
20 75
4 .8
11.9
43
77
101
S i t e  Two S ta t io n  9
4 17
6  12
7 13
8 10
9 9
10 8
11 9
12 8
17 12
20 14
2 .9
5 .5
10.5
15.0
21
9
4
11
68
— 163“
Apparent R e s i s t iv i t y Computer In te r p r e te d
a -s p a c in g  ( f t ) ohm -ft la y e r  depth ( f t ) ohm -ft
S i t e  Two S ta t io n 10
4 68 6 .5 66
6 68 9 .5 93
7 75 14.1 113
8 76 138
9 75
10 78
11 81
12 83
15 88
20 98
S i t e  Two S ta t io n 11
4 60 1.7 89
6 50 11.8 44
7 53 100
8 52
9 48
10 50
11 51
12 53
15 56
17 59
20 63
S i t e  Two S ta t io n 12
6 64 2 .8 51
7 67 81
8 72
9 71
10 72
S i t e  Two S ta t io n 13
4 59 1 .4 96
6 53 7 .0 50
7 57 12.4 83
8 59 70
9 59
10 60
11 61
12 62
15 66
20 68
— 164—
Apparent Resistivity
a-spacing (ft) ohm-ft
S i t e  Three S ta t io n  1
2 65
4 54
6 58
8 64
10 71
12 81
14 78
16 80
18 82
20 85
22 88
24 90
26 91
28 93
30 90
32 94
34 96
36 97
38 98
40 98
42 103
44 102
46 104
48 106
50 104
Computer Interpreted
layer depth (ft) ohm-ft
1 .2
5 .8
50 .0
82
46
111
97
-165-
Apparent Resistivity
a-spacing (ft) ohm-ft
S i t e  Three S ta t io n  2
2 30
4 33
6 37
8 39
10 41
12 45
14 47
16 51
18 54
20 55
22 58
24 60
26 62
28 65
30 70
32 72
34 75
36 77
38 81
40 83
42 87
44 86
46 87
48 93
50 94
55 100
Computer Interpreted
layer depth (ft) ohm-ft
n /a
— 166—
Apparent Resistivity
a -sp a c in g  ( f t )  ohm -ft
S i t e  Three S ta t io n  3 
2 45
4 59
6 68
8 62
10 50
12 45
14 48
16 48
18 46
20 44
22 44
24 50
26 51
28 53
30 56
32 60
34 66
36 72
38 79
40 83
50 104
Computer Interpreted
layer depth (ft) ohm-ft
n /a
— 167—
Apparent Resistivity
a-spacing (ft) ohm-ft
S i t e  Three S ta t io n  4
Conçuter Interpreted
layer depth (ft) ohm-ft
2 499 1.3 630
4 289 2 .1 459
6 226 3 .9 171
8 190 10.0 152
10 169 15.4 163
12 158 45.1 138
14 169 171
16 159
18 162
20 165
22 164
24 155
26 154
28 144
30 141
32 139
34 139
36 136
38 136
40 143
42 145
44 146
46 150
48 151
50 154
55 155
— 168—
Apparent Resistivity
a-spacing (ft) ohm-ft
S i t e  Four S ta t io n  1
5 15
10 20
15 24
20 28
25 30
30 36
35 37
40 40
45 40
50 41
55 38
60 41
65 45
70 48
75 52
80 55
85 53
90 56
95 60
100 63
Computer Intrepreted
layer depth (ft) ohm-ft
7 .3
75.1
8 1 .8
13
44
172
408
S i t e  Four S ta t io n  2
5 40
10 45
15 49
20 53
25 58
30 60
35 62
40 60
45 59
50 60
55 59
60 60
65 57
70 57
75 66
80 65
85 64
90 68
95 66
100 75
n /a
-169-
Apparent R e s i s t iv i t y Computer In te r p r e te d
a -sp a c in g ( f t ) ohm -ft la y e r  depth ( f t ) ohm-
S i t e  Four S ta t io n 3
5 550 4.1 582
10 534 7.1 440
15 523 4 9 .3 605
20 534 76 .3 169
25 542 96
30 556
35 541
40 530
45 509
50 487
60 441
70 396
80 322
90 271
100 245
S i t e  F iv e  S ta t io n  1
5 18
10 16
15 18
20 20
25 22
30 26
35 29
40 30
45 37
50 38
60 41
70 48
80 50
90 56
100 56
n /a
- 1 7 0 -
Apparent Resistivity
a-spacing (ft) ohm-ft
S i t e  F iv e  S ta t io n  2
5 7
10 9
15 10
20 13
25 14
30 17
35 20
40 20
45 23
50 25
60 30
70 35
80 35
90 45
100 50
Computer Interpreted
layer depth (ft) ohm-ft
n /a
S i t e  F iv e  S ta t io n  3
5 130
10 110
15 88
20 72
25 64
30 62
35 51
40 58
45 56
50 56
60 56
70 53
SO 55
90 56
100 56
9 .4 131
4 2 .4 48
6 2 .5 60
58
-171-
Apparent Resistivity
a-spacing (ft) ohm-ft
S i t e  S ix  S ta t io n  1
2 76
4 82
5 86
6 93
8 108
10 125
12 145
14 143
15 136
16 126
18 110
20 102
22 99
24 96
25 94
26 96
28 98
30 98
32 102
34 102
35 106
36 113
38 105
40 100
42 103
44 102
45 105
46 104
48 109
50 110
55 114
60 109
65 114
70 114
75 118
80 121
85 123
90 119
95 119
100 113
Computer Interpreted
layer depth (ft) ohm-ft
n/a
-172-
Apparent R e s i s t iv i t y Computer In te r p r e te d
a -sp a c in g  ( f t ) ohm-f t la y e r  depth ( f t ) ohm-
S i t e  Seven S ta t io n 1
5 253 34.0 252
10 255 49 .0 147
15 255 80 .3 85
20 239
25 237
30 253
35 231
40 204
45 175
50 166
60 143
70 132
80 126
90 113
100 94
S i t e  Seven S ta t io n 2
2 917 0 .9 777
4 691 1.9 1682
5 487 3 .7 622
6 373 4 .0 72
8 238 4 .2 15
10 183 4 .7 32
12 158 13.6 143
15 138 91
20 111
25 110
30 106
35 106
40 106
45 102
50 94
60 94
70 88
80 100
90 102
100 94
— 173“
Apparent Resistivity
a-spacing (ft) ohm-ft
S i t e  Seven S ta t io n  3
5
8
10
12
14
15 
20 
25 
30 
35 
40 
45 
50 
60 
70 
80 
90
100
192
141 
144 
151 
150 
150
142 
155 
170 
165 
158 
147 
126 
109 
101
90
102
94
Computer Interpreted
layer depth (ft) ohm-ft
2 .5
10 .0
3 6 .5
7 6 .5
253
120
191
75
59
— 174—
